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This article has been retracted by Hindawi following an investi-
gation undertaken by the publisher [1]. This investigation has
uncovered evidence of one ormore of the following indicators of
systematic manipulation of the publication process:

(1) Discrepancies in scope
(2) Discrepancies in the description of the research reported
(3) Discrepancies between the availability of data and the

research described
(4) Inappropriate citations
(5) Incoherent, meaningless and/or irrelevant content

included in the article
(6) Manipulated or compromised peer review

The presence of these indicators undermines our confidence
in the integrity of the article’s content and we cannot, therefore,
vouch for its reliability. Please note that this notice is intended
solely to alert readers that the content of this article is unreliable.
We have not investigated whether authors were aware of or
involved in the systematic manipulation of the publication
process.

In addition, our investigation has also shown that one or
more of the following human-subject reporting requirements
has not been met in this article: ethical approval by an Institu-
tional Review Board (IRB) committee or equivalent, patient/
participant consent to participate, and/or agreement to publish
patient/participant details (where relevant).

Wiley and Hindawi regrets that the usual quality checks did
not identify these issues before publication and have since put
additional measures in place to safeguard research integrity.

We wish to credit our own Research Integrity and Research
Publishing teams and anonymous and named external

researchers and research integrity experts for contributing to
this investigation.

The corresponding author, as the representative of all
authors, has been given the opportunity to register their agree-
ment or disagreement to this retraction.Wehave kept a record of
any response received.
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The coronavirus disease of 2019 (COVID-19) has evolved into a worldwide pandemic. Although CT is sensitive in detecting
lesions and assessing their severity, these works mainly depend on radiologists’ subjective judgment, which is inefficient in case
of a large-scale outbreak. This work focuses on developing a CT-based radiomics model to assess whether COVID-19 patients
are in the early, progressive, severe, or absorption stages of the disease. We retrospectively analyzed the CT images of 284
COVID-19 patients. All of the patients were divided into four groups (0-3): early (n = 75), progressive (n = 58), severe (n = 75),
and absorption (n = 76) groups, according to the progression of the disease and the CT features. Meanwhile, they were split
randomly to training and test datasets with the fixed ratio of 7 : 3 in each category. Thirty-eight radiomic features were
nominated from 1688 radiomic features after using select K-best method and the ElasticNet algorithm. On this basis, a support
vector machine (SVM) classifier was trained to build this model. Receiver operating characteristic (ROC) curves were
generated to determine the diagnostic performance of various models. The precision, recall, and f1-score of the classification
model of macro- and microaverage were 0.82, 0.82, 0.81, 0.81, 0.81, and 0.81 for the training dataset and 0.75, 0.73, 0.73, 0.72,
0.72, and 0.72 for the test dataset. The AUCs for groups 0, 1, 2, and 3 on the training dataset were 0.99, 0.97, 0.96, and 0.93,
and the microaverage AUC was 0.97 with a macroaverage AUC of 0.97. On the test dataset, AUCs for each group were 0.97,
0.86, 0.83, and 0.89 and the microaverage AUC was 0.89 with a macroaverage AUC of 0.90. The CT-based radiomics model
proved efficacious in assessing the severity of COVID-19.

1. Introduction

The outbreak of coronavirus disease 2019 (COVID-19),
which began in December 2019, is a severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) infection. The
World Health Organization (WHO) has declared COVID-
19 a global pandemic, and by 6 August 2021, there have been

200,840,180 confirmed cases of COVID-19, including
4,265,903 deaths, reported to theWHO [1]. Nucleic acid test-
ing (NAT) of the reverse transcription polymerase chain
reaction (RT-PCR) is currently the most reliable diagnostic
method for COVID-19, but chest computed tomography
(CT) is recognized as an important tool for severity assess-
ment, as well as an important complementary diagnostic
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technique. Therefore, chest CT has become an indispensable
tool in the screening and severity assessment of COVID-19.

When the number of infected people is small and the
number of doctors is sufficient, it is feasible to assess the
severity of such patients manually; however, in case of a
large-scale outbreak, there may be too few radiologists.
Therefore, the development of automated and reproducible
analysis methods to extract more information from image-
based features is a requirement. Radiomics—the high-
throughput extraction of large amounts of image features
from radiographic images—addresses this problem and is
one of the approaches that hold great promise [2].
Researchers have proposed the use of radiomic features to
quantify various tumor phenotypes on medical images, to
describe this heterogeneity and furthermore, and utilize
these features as predictors of genetics and clinical outcomes
[3]. For the diagnosis of COVID-19 based on GGO lesions, a
CT-based radiomics model could be a promising supple-
mentary tool for improving specificity for COVID-19 in a
population confounded by ground glass opacity changes
from other etiologies. Furthermore, the assistance afforded
by application of artificial intelligence has improved radiolo-
gists’ performance in distinguishing coronavirus disease
2019 pneumonia from noncoronavirus disease 2019 pneu-
monia at chest CT.

Therefore, to relieve pressure on radiologists when eval-
uating the severity of COVID-19 and to avoid mistakes
under fatigue, the present research establishes a radiomics
model by evaluating the relationship between CT staging
and CT-based radiomics characteristics of COVID-19.

2. Materials and Methods

2.1. Patient Population and Ethical Approval. Our institu-
tional review board (IRB) waived written informed consent
for this retrospective study, which evaluated deidentified
data and brought no potential risk to patients. To avert
any potential breach of confidentiality, no link between the
patients and the researchers was available.

Patient data were collected from the First People’s
Hospital of Xiantao of China, during the period between
February 2020 and June 2020. The inclusion criterion of
COVID-19 was conformity to the Diagnosis and Treatment
of COVID-19 (revised edition of the provisional 7th edition)
which forms the guidelines for the National Health Com-
mission of the People’s Republic of China [4]. We included
patients having a history of contact in epidemic areas or with
known patients: these patients had been confirmed as
COVID-19 cases by polymerase chain reaction (PCR).
Meanwhile, the inclusion criteria also included the follow-
ing: (1) patients have received CT examination, and the
CT images can be obtained; (2) there were no other chest
diseases or history of chest surgery in these patients before
CT examination; and (3) their clinical data are complete
and comprehensive. The exclusion criteria include the fol-
lowing: (1) the quality of CT images is so poor that they can-
not be used for analysis, and (2) chest CT shows other chest
diseases, such as tuberculosis and lung cancer. Clinical infor-

mation and chest CT data of 303 consecutive COVID-19
patients with COVID-19 were collected.

For this study, 284 COVID-19 patients were enrolled.
There were 123 males and 161 females, aged from 1 to 91
years old, with a mean average age of 55:50 ± 14:97 y. In
the training set, there were 89 males and 108 females, with
a mean average age of 54:56 ± 15:47 y (ranging from ages
of 1 to 91 y); in the test set, there were 34 males and 53
females, with a mean average age of 57:61 ± 13:61 y (ranging
from ages of 29 to 89 y).

2.2. CT Examination. The GE Optima 660 and GE Optima
540 spiral CT scanners were used. Patients adopted a supine
position, and scanning was performed at the end of inspira-
tion using the conventional dose. For each patient, the scan-
ning range was from the apex of the lung to the costophrenic
angle, the slice thickness was 5mm, the tube voltage was
120 kV, and the tube current was 100mA. All imaging data
were reconstructed by using a medium-sharp reconstruction
algorithm with a thickness of 1.25mm.

2.3. Marking of CT Images. Original CT images, which were
exported in DICOM format from CT scanners, were
uploaded to Radcloud (Huiying Medical Technology Co.,
Ltd, Beijing, China). Subsequently, CT features of COVID-
19 patients were investigated. The location, morphology,
distribution, extent, density, and internal structure of the
lesions were observed to identify features such as thickened
lobular septum and central nodules of the lung lobules.
The relationships between lesions and bronchial blood ves-
sels, the condition of stripe signs, and the presence of solid
component signs were determined. Morphological changes
and imaging signs were observed in patients with dynamic
follow-up.

For each patient, the severity of COVID-19 was deter-
mined following both the guidelines in 2019-nCoV (Trial
Version 7) issued by the China National Health Commission
and the guidelines for medical imaging in auxiliary diagnosis
of coronavirus disease 2019 issued by the Chinese Research
Hospital Association Radiology Committee on Infectious
and Inflammatory Disease, et al. [4, 5]. COVID-19 is classi-
fied into four stages: mild, moderate, severe, and resorption
stages, based on the severity thereof: (1) early stage: focal
ground-glass opacity (GGO) was not distributed across seg-
ments, but multiple lesions may occur; (2) advanced stage:
the lesions were distributed across segments and had a large
range of GGO, including the paving-stone sign and mixed
GGO and solid component signs. There were also solid com-
ponent signs, regardless of the size of the range; (3) severe
stage: it developed from the advanced stage, and the lesion
area had increased significantly based on previous examina-
tion. The CT manifestation was evinced by the presence of
“butterfly sign” and even “white lung”; and (4) resorption
stage (or recovery stage): the main manifestation was the
narrowed lesion range and the lightened density based on
data from the previous stage, and the characteristic stripe
sign appeared.

The segmented images marked by experts were used as
the standard to evaluate the collected thin-layer CT images.
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Two radiologists, each with at least five years of chest-
imaging experience, manually outlined the ROI using the
labelling tool in the Radcloud platform. They considered
the distribution and image features of disease foci in
COVID-19 (Figures 1–4). In the event of disagreement
between the two primary radiological interpretations, a third
experienced thoracic radiologist with 16 years of experience
adjudicated in reaching a final decision.

2.4. Radiomic Feature Extraction. After image preprocessing,
1688 radiomic features were extracted for each subject using
the PyRadiomics v3.0 (open source software), including
original features and features (original features except shape
features) as transformed by logarithm, wavelet (LLL, LLH,
LHL, LHH, HLL, HLH, HHH, and HHL), exponent, gradi-
ent, square, square root, and local binary pattern applied in
2D and 3D. Among 107 original features, 14 were related
to shape features, 18 first-order, and 24 GLCM (grey-level
cooccurrence matrix), 14 GLDM (grey-level dependence
matrix), 16 GLRLM (grey-level run length matrix), 16
GLSZM (grey-level size zone matrix), and five NGTDM
(neighboring grey-tone difference matrix) features. First-
order statistics describe the distribution of voxel intensities
within the image region defined by the mask through
commonly used basic metrics. GLCM describes the
second-order joint probability function of an image region
constrained by the mask. GLDM quantifies grey-level
dependencies in an image. GLRLM quantifies grey-level
runs, which are defined as the length in number of pixels,
of consecutive pixels that have the same grey-level value.
GLSZM quantifies grey-level zones in an image. A grey-
level zone is defined as the number of connected voxels that
share the same grey-level intensity. NGTDM quantifies the
difference between a grey-value and the mean average grey
value of its neighbors within a preset distance. Detailed
information about these features is available in the docu-
mentation supplied with the PyRadiomics software.

2.5. Feature Selection and Model Building. To verify the cred-
ibility of the manual segmentation between the two radiolo-
gists, the CT scans of 10 patients were randomly selected and
segmented by the two radiologists for double-blind interpre-
tation. Interclass correlation coefficients (ICC), which can be
used to assess the interobserver reproducibility of ROIs
delineated, can be obtained from the following equation:

ICC = MSR −MSEð Þ
MSR + MSC −MSEð Þ/nð Þ , ð1Þ

where MSR represents mean square for rows; MSC is mean
square for columns; MSE denotes mean square for error;
and n is the number of subjects. The value of ICC was
greater than 0.75.

After feature extraction, 70% of the dataset was ran-
domly assigned to the training set and for all cases, features
were normalized to the normal distribution by mean and
variance scaling. The trained SVM classifier was evaluated
on the test dataset while the training and feature selection
was conducted only on the training data. K-best was applied

to select the most significantly relevant feature set with
threshold of 0.05. To avoid overfitting caused by the radio-
mic features being larger than the sample size, ElasticNet, a
regularized, generalized model, linearly combines the L1
and L2 penalties of the least absolute shrinkage and selection
operator and ridge methods to realize a built-in feature
weighting mechanism, making an appropriate balance
between model generalization and diagnostic performance.
The model was trained with 10-fold cross-validation to attain
the optimal α-value. Following the optimal α-value, an opti-
mal simplified feature set was determined. An SVM classifier
was built to distinguish among the four COVID-19 groups
based on final reduced imaging radiomic features. The receiver
operating characteristic (ROC) curve was plotted as a classifier
of each group, and the area under the curve (AUC) measure
was applied to evaluate model performance. The 95%
confidence level was assessed on the variation of the
AUC. Micro- and macroaverage AUC, precision, recall, and
f1-score were also calculated to assess model performance
for multiclass classification.

3. Results

3.1. The Radiomics Workflow. The radiomics workflow is
illustrated in Figure 5. In this study, 284 patients were retro-
spectively included to investigate the validity of radiomics-
based classification with 75, 58, 75, and 76 cases, respec-
tively, for groups 0, 1, 2, and 3 (early stage, progressive stage,
severe stage, and absorptive stage). The dataset was split at
random to form training and test datasets with a fixed ratio
of 7 : 3 in each category, resulting in 197 (52 cases in group 0,
40 in group 1, 52 in group 2, and 53 in group 3) for the train-
ing dataset and 87 cases for the test dataset.

3.2. Radiomic Features. Of all the radiomic features
extracted, the median ICC was 0.885; 1011 of 1688 features
(59.9%) were robust, with ICC > 0:75. Then, 38 radiomic
features were nominated from 1688 radiomic features after
using select K-best method and the ElasticNet algorithm
(Figure 6 and Table 1). The 38 features contain four first-
order features, two shape features, nine grey-level cooccur-
rence matrix (GLCM) features, 10 grey-level dependence
matrix (GLDM) features, five grey-level run length matrix
(GLRLM) features, six neighboring grey-tone difference
matrix (NGTDM) features, and two grey-level size zone
matrix (GLSZM) features.

3.3. Model Classification Performance. An SVM classifier was
trained based on optimal feature set on training dataset. The
precision, recall, and f1-score of the classification model for
the macroaverage and microaverage were 0.82, 0.82, 0.81,
0.81, 0.81, and 0.81 for the training dataset and 0.75, 0.73,
0.73, 0.72, 0.72, and 0.72 for the test dataset. The AUCs for
groups 0, 1, 2, and 3 on the training dataset were 0.99,
0.97, 0.96, and 0.93, and the microaverage AUC was 0.97
with a macroaverage AUC of 0.97 (Figure 7(a)). On the test
dataset, AUCs for each group were 0.97, 0.86, 0.83, and 0.89
and the microaverage AUC was 0.89 with a macroaverage
AUC of 0.90 (Figure 7(b)).
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4. Discussion

Assessing pulmonary lesions using computed tomography
(CT) images is of significance to the severity diagnosis and
treatment of coronavirus disease 2019- (COVID-19-)
infected patients. Such assessment mainly depends on the
subjective judgment of radiologists, which is inefficient and
presents difficulties for those with low levels of experience,
especially in primary or community hospitals [6–8]. In this

study, we uncover some of the radiomic features that con-
tribute to evaluation of the severity of COVID-19 patients.
A radiomics model aiming at assessing automatically the
severity of COVID-19 was demonstrated, with favorable
predictive accuracy, achieving an average AUC performance
of 0.97 on a training dataset and 0.90 on a test dataset. Pre-
diction outputs generated from our radiomics model further
augmented human expert performance. More importantly,
the model is expected to relieve the workload of radiologists

1_1

(a) (b)

Figure 1: A case of confirmed mild COVID-19. A 33-year-old female presented with a 2-day history of fever and cough. (a) CT imaging
revealed diffuse pure GGO with distribution in the left lower lobe. The area of the lesions was delineated on the axial. (b) The
reconstructed images.

(a) (b)

Figure 2: A case of confirmed mild COVID-19. A 63-year-old male presented with a 5-day history of fever, cough, and mild dyspnea.
(a) CT imaging revealed pure GGO with distribution in the left lower lobe. The area of the lesions was delineated on the axial. (b) The
reconstructed images.

(a) (b)

Figure 3: A case of confirmed severe COVID-19. A 45-year-old male presented with a 12-day history of fever, cough with expectoration,
and mild dyspnea. (a). CT imaging revealed multiple consolidation with symmetric distribution in both lungs. The area of the lesions
was delineated on the axial. (b) The reconstructed images.
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and provide rapid, accurate severity assessments for
COVID-19 patients.

Studies have found that the development of COVID-19
pneumonia is usually related to the increase in the number
and size of GGO lesions [9]. In the early stage, there will
be multiple small plaque shadows and interstitial changes
in the lungs. CT in the middle stage of the disease shows
an increase in the number and size of GGO, and GGO grad-
ually transforms into multifocal consolidation; about 10 days
after the onset of symptoms, the consolidation range often
reaches its maximum, and it is transformed into fibrosis in
the late stage [10–12]. Therefore, chest CT findings tend to
be used as one of clinical manifestations in the confirmation
of the diagnosis of COVID-19 infection [4]. Many clinical
studies have investigated the CT imaging signs related to
COVID-19 infection such as GGO, GGO with lung consoli-
dation, interlobular septal thickening, and pulmonary fibro-
sis for patients at different stages and severity [13–15].

According to the time of onset, clinical manifestations,
lesion range, and CT manifestations, COVID-19 can be
roughly divided into four stages: early stage, advanced stage,
severe stage, and resorption stage (recovery stage) [4, 5]. In

this study, 284 patients were retrospectively graded as early
stage with 75 cases, progressive stage with 58 cases, severe
stage with 75 cases, and absorptive stage with 76 cases.
Early-stage COVID-19 manifested as single or multiple nod-
ules with mixed GGO as the main part, and the boundaries
were blurred with a “halo sign,” and some showed a “thick-
ened blood vessel” sign. Compared with the early-stage CT
findings, the lesion range of progressive-stage COVID-19
was further expanded, the density increased, and fusion or
mass-like consolidation appeared. In severe cases, diffuse
lesions of both lungs are often present. The CT image
showed a large patchy or fusion-like consolidation with sym-
metrical distribution across both lungs, showing a “butterfly
sign” or “upside-down butterfly sign” and even presenting
with “white lung.” The COVID-19 resorption stage (recov-
ery stage) was manifested as the density of lesions decreased,
and it is gradually completely absorbed, or GGO is
completely resorbed, leaving a few stripes or small patchy
consolidation signs, or consolidations are gradually replaced
by GGO with stripes. Although chest CT has high sensitivity
when identifying COVID-19 infection and evaluating its
severity, the result mainly depends on the subjective

(a) (b)

Figure 4: A case of confirmed COVID-19 of the resorption stage. A 63-year-old male presented with a 15-day history of fever and cough.
(a). CT imaging revealed pure GGO with reticular distributed in the right lower lobe. The area of the lesions was delineated on the axial. (b)
The reconstructed images.

Patients with COVID-19 by PCR (n=284)

Excluded patients

Early stage
(n=75)

Progressive stage
(n=58)

Training dataset (n=197)

Select radiomic features using select K best
method and the ElasticNet algorithm

SVM classifier

Test dataset (n=197)

Severe stage
(n=75)

Absorptive stage
(n=76)

3 the quality of CT images is too poor
5 CT shows inactive tuberculosis
1 CT shows peripheral lung cancer

Figure 5: Flowchart through the study.
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judgment of the radiologist(s) and the work is time-
consuming [16, 17].

In this article, an ElasticNet radiomics model was
exploited and investigated to evaluate the severity of

COVID-19 patients. Ground-glass opacities and consolida-
tion are the most relevant imaging features in COVID-19
pneumonia [17], which were identified by chest CT with
high sensitivity. A radiomics model based on machine
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Figure 6: ElasticNet algorithm for feature selection. The first (a) shows coefficient profiles along the full path of possible values for radiomic
features. The MSE path (b) indicates that the dotted vertical line was plotted at the value selected using 10-fold cross-validation in (a). The
coefficients in the ElasticNet model (c) resulted in 38 features based on selected optimal values.
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learning can detect minute changes in the VOIs which are
difficult to see with the naked eye, let alone estimate the size
thereof; thus, the radiological features hidden in GGO
lesions are extracted and quantified: CT-based radiomics
characteristics such as the degree and density of GGO can
divide patients with COVID-19 pneumonia into different
development stages [18, 19].

The radiomics model of COVID-19 studies based on CT
images involves predominantly of diagnostic and prognostic

value; a majority of the recently published studies focus on
the diagnosis and differentiation of COVID-19 such as those
using UNet for automated detection of GGO areas [20, 21]
and differentiation of COVID-19 pneumonia from other
viral pneumonia using radiomics or deep-learning methods
[22–24]. However, to the best of our knowledge, there have
been few studies on the validity of CT for assisting
decision-making in the management of COVID-19 with
regard to stratification of disease severity and prediction of

Table 1: Description of the selected radiomic features and their associated feature types and filters.

Radiomic features Associated_filters Types

Logarithm_firstorder_Skewness Logarithm First order

Logarithm_firstorder_Kurtosis Logarithm First order

Llogarithm_glcm_InverseVariance Logarithm GLCM

Original_shape_Sphericity Original SHAPE

Exponential_gldm_DependenceEntropy Exponential GLDM

Gradient_gldm_LowGrayLevelEmphasis Gradient GLDM

Gradient_glrlm_ShortRunLowGrayLevelEmphasis Gradient GLRLM

Original_shape_Maximum2DDiameterSlice Original SHAPE

Exponential_glcm_Correlation Exponential GLCM

Wavelet-HLL_ngtdm_Complexity Wavelet-HLL NGTDM

Gradient_ngtdm_Complexity Gradient NGTDM

Wavelet-LHH_gldm_GrayLevelNonUniformity Wavelet-LHH GLDM

Squareroot_glcm_Contrast Squareroot GLCM

lbp-2D_gldm_DependenceEntropy lbp-2D GLDM

lbp-3D-m1_gldm_DependenceEntropy lbp-3D-m1 GLDM

Original_ngtdm_Busyness Original NGTDM

lbp-3D-m2_gldm_DependenceEntropy lbp-3D-m2 GLDM

lbp-3D-k_gldm_HighGrayLevelEmphasis lbp-3D-k GLDM

lbp-3D-k_gldm_LowGrayLevelEmphasis lbp-3D-k GLDM

lbp-3D-k_glcm_MaximumProbability lbp-3D-k GLCM

lbp-3D-k_glrlm_ShortRunEmphasis lbp-3D-k GLRLM

lbp-3D-k_glcm_Autocorrelation lbp-3D-k GLCM

lbp-3D-k_ngtdm_Contrast lbp-3D-k NGTDM

lbp-3D-k_glcm_ClusterProminence lbp-3D-k GLCM

Wavelet-LLL_glcm_InverseVariance Wavelet-LLL GLCM

lbp-3D-k_glrlm_ShortRunHighGrayLevelEmphasis lbp-3D-k GLRLM

Wavelet-LLL_glcm_MCC Wavelet-LLL GLCM

Wavelet-HLH_glszm_ZonePercentage Wavelet-HLH GLSZM

Wavelet-HLH_gldm_SmallDependenceEmphasis Wavelet-HLH GLDM

Wavelet-HLH_glcm_MCC Wavelet-HLH GLCM

Wavelet-HLH_glszm_SmallAreaEmphasis Wavelet-HLH GLSZM

Wavelet-LLH_firstorder_Skewness Wavelet-LLH First order

Wavelet-HHH_firstorder_10Percentile Wavelet-HHH First order

Wavelet-LLL_gldm_DependenceVariance Wavelet-LLL GLDM

lbp-3D-k_firstorder_Skewness lbp-3D-k First order

Wavelet-HHL_ngtdm_Complexity Wavelet-HHL NGTDM

Wavelet-LLH_firstorder_Mean Wavelet-LLH First order

Wavelet-LHH_ngtdm_Busyness Wavelet-LHH NGTDM

GLCM: grey-level cooccurrence matrix; GLRLM: grey-level run length matrix; GLSZM: grey-level size zone matrix; NGTDM: neighboring grey-tone
difference matrix; GLDM: grey-level dependence matrix.
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clinical outcomes [18, 25]. Additionally, few studies have
focused on the use of a radiomics model to assess the sever-
ity of COVID-19: one study classifying two types of COVID-
19 severity (nonsevere and severe) instead of four types was
undertaken to assess the relevance of CT image features [26].
Research by Cai et al. stratifies the severity into moderate,
severe, and critical groups with AUCs greater than 0.925
[20]. In the present study, we collected more CT image data
from COVID-19 patients; all patients were divided into four
developmental stages: early stage, advanced stage, severe
stage, and prognosis stage according to the essence of lung
GGO lesions; then, we stratified the severity of the disease
by CT quantification.

Using a select K -best method, 38 radiological character-
istics were nominated from 1688 radiomic features in our
study, which reflected intrinsic information such as lesion
intensity and textural features that cannot otherwise be
detected by radiologists [27]. For example, first-order fea-
tures mainly reflect the internal texture of lesions; wavelet
features mainly reflect the change of time domain and fre-
quency domain information within the lesion [28]. Among
the 38 features, six first-order features, 30 texture features,
and two shape features comprised the optimal feature set,
indicating different feature dimensions to be considered
during the staging of COVID-19. The five most relevant fea-
tures are logarithm_first-order_Skewness, wavelet-HHH_
first-order_10Percentile, original_shape_Sphericity, wave-
let-HLH_gldm_SmallDependenceEmphasis, and wavelet-
LLL_glcm_Inverse Variance, four of which are high-order
features transformed by different filters. Logarithm_first-
order_Skewness measured the asymmetry of the distribution
of values about the mean value, wavelet-HHH_first-order_
10Percentile denoted the 10th percentile of the image, origi-

nal_shape_Sphericity equated the roundness of the shape of
the VOI to a sphere, and wavelet-HLH_gldm_SmallDepen-
denceEmphasis assessed the distribution of small dependen-
cies. In our research, four types of severity groups of
COVID-19 were distinguished by SVM classifier; then, the
ROC curve of each group was plotted. Finally, the ElasticNet
radiomics model shows favorable predictive accuracy,
achieving an average AUC performance of 0.97 on the train-
ing dataset and one of 0.90 on the test dataset, indicating the
strong efficacy of the proposed CT-based radiomics model
in assessing the severity of COVID-19 disease.

5. Conclusions

A CT-based radiomics model was provided that can be used
to assess the severity of COVID-19, which can help radiolo-
gists undertake rapid diagnosis, especially useful when the
medical system is overloaded.

6. Limitations

Our research has several limitations. First of all, this was a
retrospective study; we divided COVID-19 patients into four
severity levels based on the CT imaging manifestations of
COVID-19 patients, such as the degree of GGO lesions,
without combining specific clinical symptoms and other fac-
tors: some studies have shown that the CT manifestations of
COVID-19 may vary with age; elderly patients predomi-
nantly present with combined features such as opacity, while
young patients present predominantly GGO [9], which may
lead to inaccurate demarcation and introduce selection bias.
Besides, our research lacks multicenter verification: use of
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Figure 7: ROC curves of the SVM classifier on the training set (a) and test set (b).
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only a single device and model may limit the popularization
and application of the results.
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Achievement of high targeting efficiency for a drug delivery system remains a challenge of tumor diagnoses and nonsurgery
therapies. Although nanoparticle-based drug delivery systems have made great progress in extending circulation time,
improving durability, and controlling drug release, the targeting efficiency remains low. And the development is limited to
reducing side effects since overall survival rates are mostly unchanged. Therefore, great efforts have been made to explore cell-
driven drug delivery systems in the tumor area. Cells, particularly those in the blood circulatory system, meet most of the
demands that the nanoparticle-based delivery systems do not. These cells possess extended circulation times and innate
chemomigration ability and can activate an immune response that exerts therapeutic effects. However, new challenges have
emerged, such as payloads, cell function change, cargo leakage, and in situ release. Generally, employing cells from the blood
circulatory system as cargo carriers has achieved great benefits and paved the way for tumor diagnosis and therapy. This
review specifically covers (a) the properties of red blood cells, monocytes, macrophages, neutrophils, natural killer cells, T
lymphocytes, and mesenchymal stem cells; (b) the loading strategies to balance cargo amounts and cell function balance; (c)
the cascade strategies to improve cell-driven targeting delivery efficiency; and (d) the features and applications of cell
membranes, artificial cells, and extracellular vesicles in cancer treatment.

1. Introduction

According to the World Health Organization (WHO) report
in 2018, cancer remains one of the top 10 global causes of
death [1]. Because tumor cells lead to immortality, migration,
and loss of contact inhibition, most patients only benefit from
combined treatments, such as surgery, chemotherapy, radio-
therapy, and immune therapy. In terms of prevention of the
recurrence and metastasis of unresectable tumors, cancer
treatment still faces many challenges, especially with respect
to nonsurgery therapies and diagnoses. Currently, ensuring
the delivery of sufficient cargos to lesions precisely and effec-
tively is an important issue for nonsurgery therapies and
diagnoses [2, 3].

Earlier, a nanoparticle-based drug delivery system (DDS)
was developed, which improved the solubility of chemother-
apeutics and lessened their toxicity to normal tissues. From
intravenous injection to tumor sites, cargo-loaded nanopar-

ticles (NPs) go through a CAPIR cascade: Circulation, Accu-
mulation, Penetration, Internalization, and Drug Release [4].
In the blood circulatory system, naked NPs are vulnerable to
the reticuloendothelial system (RES). Recently, they have
also been found to be hitchhiked by circulating cells before
being phagocytosed by RES tissues [5]. Modifying NPs with
stealth molecules, such as polyethylene glycol (PEG) [6] and
polyglycerol (PG) [7], has been reported to reduce the clear-
ance risk and overcome some pharmacokinetic-related
issues. During the accumulation and penetration to stages,
it has been recognized that 10–1000 nm NPs can make full
use of enhanced permeability and retention (EPR) effects
via intercellular extravasation to accumulate at and penetrate
tumor tissues [3]. When NPs are coupled with targeting
molecules (e.g., Fe3O4, short peptides, and antibodies), then
the passive delivery system can be transformed into an active
system [3, 8]. However, a recent study revealed that approx-
imately 97% of NPs themselves accumulate in an active
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transcellular manner through endothelial cells (ECs) [9],
which advances our understanding of the NP accumulation
mechanism in tumors to a new level. When NPs arrive at
the lesion, their neutral surface charge, particle size below
100nm, and nonspherical shape can further increase the
penetration and internalization rates [10]. Additionally,
NPs have made it possible to maintain the drug at a cer-
tain concentration in the tumor tissues, via self-diffusion,
degradation, or a stimulus response, such as a response
to pH, an enzyme, light, radiation, a magnetic field, or
ultrasound [11]. Compared to free cargos, an NP-based
DDS protects them from the phagocyte system; has an
enhanced in situ cargo concentration, especially for hydro-
phobic systems; has facilitated specific delivery for one/mul-
tiple cargos; and has release control. The NP-based DDS has
improved the evolution of nonsurgery therapies and diagno-
sis strategies.

NPs exhibit the substantial potential to deliver drugs,
yet outstanding performance is limited to reducing side
effects of anticancer drugs and not enhancing therapeutic
efficacies [4]. The basic reason for this is that the NP-
based DDS has long suffered from rapid clearance from
the RES and a low targeting delivery efficiency of 1%
[10]. Low targetability partially results from interstitial
fluid pressure, which is 10–40 times higher in tumor cells
than in normal cells [10], and from heterogeneous EPR,
wherein the EPR mechanism has failed in tumors, such
as lymphoma subtypes [12]. NPs smaller than 20nm pen-
etrate deeper, but this size is in a perfect clearance range
for the RES [4]. The blood-brain barrier (BBB) is another
obstacle for brain tumors because NPs scarcely cross it
[13]. Furthermore, in the BBB, shear stress also impedes the
distribution of NPs. NPs are taken up in a flow speed-
dependent manner; i.e., the faster the flow, the lower the
uptake. Various shear stresses in tumor vasculature may result
in a heterogeneous NP distribution [14]. Because controlled
release and biocompatibility are also required, an NP-based
DDS faces a crucial challenge to be multifunctional [8]
simultaneously.

In the past twenty years, the cell-driven DDS has
gained much attention as an alternative approach. Addi-
tionally, an increasing number of studies have shown that
a cell-driven DDS can address the major concerns of NP-
based systems [15, 16]. Endogenous cells have a long cir-
culation time with low toxicity risk and are not removed
by the RES or kidneys [17]. Immune and stem cells can
chemomigrate and transverse blood barriers, including
the BBB; thus, they can penetrate the deep tumor matrix
[18] instead of EPR-dependent intracellular extravasation
[12]. These results have provided a new DDS and shed
light on improving circulating and targeting delivery effi-
ciency in vivo for cancer diagnosis and therapy. This arti-
cle will focus on (a) the properties of circulatory cells,
mainly red blood cells (RBCs), leukocytes, and mesenchy-
mal stem cells (MSCs); (b) the loading strategies for balan-
cing payload amounts and cell functions; (c) the cascade
strategies for improving cell-driven targeting delivery effi-
ciency; and (d) the cell membrane and small extracellular
vesicles (EVs) as drug carriers for targeting delivery.

2. Utilizable Properties of Circulatory Cells

A tumor is a neotissue, which obtains nutrients and oxygen
via RBC-involved angiogenesis. Tumors are also an inflam-
matory microenvironment, which is flooded with diverse
cells, including MSCs [19] and different leukocytes (mono-
cytes (MOs) [20], macrophages (MAs), neutrophils (NEs),
natural killer cells (NKs), and T and B lymphocytes [21]).
A large number of RBCs, leukocytes, and MSCs exist in
the blood; it is a good source for drug delivery carriers, as
listed in Table 1 [15, 16, 19]. Moreover, these cells circulate
through the body without any immune or clearance risk that
the NPs suffer, and they can easily infiltrate blood vessel bar-
riers. Because of the innate features and their involvement in
tumorigenesis, they are regarded as an ideal vehicle for drug
delivery to realize the CAPIR cascade, as is shown in
Figure 1(a).

2.1. Red Blood Cells (RBCs). RBCs, also called erythrocytes,
are the richest blood cell group. There are approximately
3.5–5 million RBCs per μL, which have the longest lifespan
of approximately 120 d. They also possess a high surface-to-
volume ratio, and CD47 is expressed on the surface to pro-
tect cells from being taken up by immune cells. RBCs con-
tain a large internal cavity without nuclei or organelles;
thus, there are no normal endocytosis or exocytosis func-
tions [22, 23]. RBCs contain approximately 270 million
oxyhemoglobin molecules per cell, supporting their funda-
mental oxygen transportation function [24]. These features
suggest that RBCs could be helpful as a carrier for drug
delivery because they are easy to obtain, have a long circu-
lation time with good biocompatibility and low clearance
risk, are convenient for necessary modification, and have
no possibility of tumorigenicity and a low drug leakage risk.
Additionally, RBCs are oxygen-rich and can increase the pro-
ductivity of toxic reactive oxygen species (ROS) for photody-
namic therapy (PDT). This process enhances the PDT effect
under a hypoxic tumor microenvironment and reduces
PDT-caused O2 deficiency that boosts tumor growth [24].

2.2. Leukocytes. Leukocytes, formally known as immune
cells, fight against diseases. Approximately 4000–10000 cells
exist per μL of blood, with at least a 24 h lifespan. When for-
eign substances, such as bacteria, enter the body, leukocytes
respond to inflammatory signals and intrinsically chemomi-
grate back and forth through the blood vessel barriers to the
diseased tissues. Leukocytes are part of the RES and can
mobilize additional leukocytes to phagocytize particles or
cross blood barriers. The ability of MAs to engulf aurum
(Au) was increased 2.4-fold relative to that of nonphagocytes
[25]. The unique engulfment, chemomigration, and immune
activation features made them the perfect candidate as a
drug carrier for target delivery.

2.2.1. Monocytes (MOs)/Macrophages (MAs). MOs are the
largest blood cells and account for 2–8% of the leukocyte
group. As a precursor, MOs are transformed into MAs once
they are in tissues. They have versatile receptors on the cell
membrane and react to foreign substances through nonspe-
cific antigen recognition. Compared with other leukocytes,
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MOs/MAs responded to inflamed tissues rapidly and have
the strongest ability for phagocytosis. They can be recruited
to sites via several tumor-related factors: (a) cancer-related
cytokines (e.g., CSF-1, VEGF, and PDGF); (b) chemokines

(e.g., CCL-2/5/7/8/12); (c) fibrinogen; and (d) fibronectin
and other factors produced during extracellular matrix
(ECM) cleavage (in Figure 1(b)) [26]. After intravenous
injection, it took MOs/MAs 6–12h to arrive at inflamed

Table 1: Properties of red blood cells, mesenchymal stem cells, and leukocytes.

RBC MSC Leukocyte

Amount (million/μL) 3.5-5 To be determined

0.0004-0.001

Neutrophil Eosinophil Basophil Monocyte Lymphocyte

50-70% 1-3% 0.4-1% 2-8%

25-35%

T cell B cell

75% 10-15%

Diameter (μm) 7-8.5 30-40 10-12 12-15 12-15 20-30 6-12 6-12

Lifespan (days) 120 1-2 3-4 8-12 12-15 1-5 4-35 >30

Circulum

Internalization
Accumulation

Penetration

5-step CAPIR cascade 

Drug release

To be there
To be free

Q = Qc×QAQP×QI×QR

(a)

Monocyte
recruitment

Monocytes Tumor cells

CCL18

CCL22
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Th1 inhibition
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Figure 1: (a) Scheme of the CAPIR cascade of a nanomedicine to deliver a free drug into cancer cells. The overall efficiency, Q, is the
product of the efficiencies of five steps. Reproduced with permission [4]. Copyright 2017. John Wiley and Sons. (b) Overview of
molecules that can recruit monocytes/macrophages to tumor sites and turn into tumor-associated macrophages. Reproduced with
permission [26]. Copyright 2009. John Wiley and Sons.
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tissues [27, 28] and in the brain [18]. Owing to chemohom-
ing properties, MOs/MAs can penetrate the deep tumor
matrix. Up to 70–80% of MAs were found in the tumor
mass, part in the antitumor phenotype M1 and part in the
protumor phenotype M2 [29, 30]. Having the largest size, a
strong phagocytosis function, homing and penetration abil-
ity, and the possibility of the M1 antitumor phenotype make
MOs/MAs beneficial for targeted drug delivery.

2.2.2. Lymphocytes. Lymphocytes make up 25–35% of the
leukocytes and are the smallest cells. They play an essential
role in the immune response. Lymphocytes mainly include
B, NK, dendritic cells, and T cells, in which T cells account
for 75% of the total and work in the lymphatic fluid. Differ-
ing from the MOs/MAs, those lymphocytes activate an
immune response via specific antigen recognition. Then,
the activated cells present antibodies on the surface to specif-
ically track and kill tumor cells through a ligand-receptor
interaction [31]. EPR almost failed to function in some
tumors, such as lymphomas, wherein the detected dose of
either free drugs or NPs was 10 times lower than that in
the blood, spleen, and liver. However, the activated poly-
clonal T cells can be successfully trafficked by tumor recep-
tors, such as CD62L and CCR7, to the lymph node [12]. T
cells were also recruited by CXCR4 and integrins α4, β1,
and β2 to bone marrow and the spleen, respectively [12].

Similarly, NK cells can be chemoattracted by CXCL9
[17] and specifically recognize IL-2 on tumor cells [32]. Sim-
ilar to MAs, T cells are another common cell type in tumor
tissues [21], and it has been reported that T cells take 20–
40 h to migrate to lymphoid organs in mice [12]. Based on
specific recognition of tumor antigens, lymphocytes are nor-
mally used to activate the immune response of the patients
to reduce the tumor burden. Moreover, because they patrol
lymph nodes, lymphocytes carrying chemotherapeutics can
simultaneously serve in both immunotherapy and chemo-
therapy to exert a cytotoxic effect on tumor cells.

2.2.3. Neutrophils (NEs). NEs are the largest leukocyte cell
group, consisting of approximately 50–70%, and feature
many internal NPs (0.2–0.4μm). Most particles are
enzyme-rich lysosomes that are correlated with phagocytosis
and digestive functions. NEs fight against foreign substances
either through phagocytosis or neutrophil extracellular traps
(NETs) [33]. Along with MOs/MAs, NEs possess strong
innate chemotaxis with two kinds of chemokines: (a) colla-
gen, fibrin fragments, products of activated complement,
and cytokine and (b) microbial polypeptide with N-
formylmethionine residue [34]. After interacting with che-
mokines, receptors, such as PSGL-1, CD44, and L-selectin,
are highly expressed on the NE membranes [35]. Under
inflammatory stimuli (IL-8, TNF-α, IL-1, and IL-17), the
activated ECs overexpress E-selectin and P-selectin ligands
to slow the NE rolling speed. The integrin superfamily
(ICAM and VCAM) on the EC membrane further enhances
the adhesion by binding with LFA-1 (αLβ2) and Mac-1
(αMβ2) on the NE surface [35, 36]. Additionally, Dietmar
V is a shared and unique adhesion receptor related to trans-
endothelial migration among different leukocytes [37]. A

study showed that it took NEs 1h to migrate to the stomach
[38], and approximately 1.2–4.4% of NEs were in the tumor
mass [39]. Moreover, an in vitro study showed that NP-
loaded NEs could penetrate 80% of tumor tissues (Φ
300μm), yet NPs were only observed on the periphery
[36]. The features, including a rich source, strong inherent
phagocytosis, homing and penetration ability, and unique
NETs formed under inflammatory conditions, make NEs a
powerful carrier for targeting drug delivery [34].

2.3. Mesenchymal Stem Cells (MSCs). MSCs are larger than
the largest leukocytes and have a lifespan of approximately
1–2d [19]. As adult stem cells, MSCs exhibit self-
reproduction and multidifferentiation capabilities. They pos-
sess low immune rejection because of the nonspecific anti-
gens on the cell membrane. MSCs also have a rich source,
including blood, bone marrow, umbilical cord tissue, pla-
centa, adipose tissue, and skin tissue. Identical to leukocytes,
MSCs also have innate homing and migration ability to
inflamed and tumor tissues. Tumor growth factors (e.g.,
EGF, PDGF-α, PDGF-β, HGF, and GDF-15), chemotactic
factors (e.g., CXCL9 and CCL-25), matrix metalloprotein-
ases (MMP1, MMP3, and MMP9), and inflammatory cyto-
kines (IL-1β, IL-2, and IL-7) were discovered in liver
tumors to chemoattract MSCs [19]. Additionally, the time
MSCs circulate in the blood was reduced under diseased
conditions, being 30 h in healthy mice, 24 h in mice with
subcutaneous tumors, 18 h for orthotopically transplanted
liver tumors, and 12 h in those with metastatic lung tumors
[19]. However, an in vitro study confirmed that the migra-
tion ability of MSCs to breast cancer cells was 9 times higher
than that of noncancerous cells [40]. Therefore, MSCs can
actively and effectively track tumor tissues. In addition to
the largest size, differentiation ability, low immunogenicity,
rich sources, and chemomigration, MSCs additionally
recruit and activate immune cells to tumor tissues [41]. Gen-
erally, MSCs show great potential as a carrier for targeting
drug delivery.

3. Loading Strategies for Cargo Amounts and
Cell Function Balance

Circulatory cells have been deployed to load varied cargos,
including chemo/immunotherapeutic medicine (paclitaxel
(PTX) [36], doxorubicin (Dox) [38], TRAIL [42], and siRNA
[43]), radiotherapeutic agents (AuNRs [44], carbon nano-
tubes [45], ZnF16Pc [24], and Ce6 [46]), and diagnosis
agents (fluorescent probe [47], ICG [48], and quantum
dots [40]). The most commonly used loading methods
are backpack and encapsulation. MOs were even reported
to take an agent with a diameter of 7μm on the surface
[49] and particles of 1μm inside [44] to cross the blood
barrier that cargos alone cannot achieve. However, unlike
inanimate NPs, cells respond to internal and external envi-
ronments. Inappropriate loading approaches and cargo
amounts may alter anticipated behaviors. Therefore, it is
critical to balance the pros and cons on the premise of
maintaining necessary cell functions.

4 Stem Cells International



3.1. Backpack Approach. The cell membrane, 7–8nm thick,
consists of a phospholipid bilayer as the basic skeleton, inter-
weaved with proteins and glycolipids. The protein residues
and oligo/polysaccharide chains on the membrane surface
provide multiple possibilities to backpack cargos [50].

The backpack approach is simple, and cell preparation is
not required. It is suitable for cells having special surface
properties, such as releasing cargos via redox change [43,
51]; potential for in vivo cell binding; and easy regulation
of the manner of cargo release. However, this approach has
risks of detachment from the membrane, an alteration of
membrane-related functions, or internalization by host cells.

3.1.1. How to Conjugate Cargos on Membranes with Low Cell
Function Impacts? There are four cargo backpack methods.
As shown in Figure 2, these include electrostatic/hydropho-
bic interactions [51], ligand-receptor binding via receptors
on cell membranes [52], biotin-avidin binding via biotinyl-
ated cell membranes [53], and covalent conjugation via
chemical groups, such as thiols or amines, on the cell mem-
brane [54], wherein the biotin-avidin and covalent conjuga-
tion are considered the strongest binding and have specific
ligand-receptor recognition that has the potential for
in vivo hitchhiking use [55–57].

The cell membrane is essential for normal function,
especially for the receptor-mediated signal pathways. Cargos

attached to the cell membrane may influence cell behaviors,
such as cell adhesion, migration, and even internal signal
transduction [18]. Backpack place, cargo size, and loading
amounts are important in this process. NPs attached to the
main body exhibit a weaker impact on cell migration and
reorganization than protrusion [58]. Additionally, NPs of
300 nm less than 100 ± 20 per cell did not substantially affect
T cell function [54]. Likewise, using 5% of the cell membrane
for Dox packing was acceptable; however, this means loaded
drugs are 1.0μg per million cells [18]. Current free drug
amounts of Dox [18], PTX [38], SN-38 [12], curcumin,
and aPD1 [56] had a range of 1–3mg per kg in animal tests
and still showed limited therapeutic effects. Shp1 was
demanded less, at approximately 76.5μg per mouse [59].
However, the cell amount used for clinical therapy was only
approximately 1–10 million, although the recommended
effective clinical dose is 4.58–11.92mg per kg (Abraxane
dose, calculated based on 60 kg, 175 cm patients) [60].
Rather than a burden, the cargo can therefore also be
exploited to enhance rheotaxis. Gao et al. attempted to
improve photosensitizer Ce6 backpack concentration and
attain higher than 6μgmL-1, which caused RBC hemolysis
within 48 h [46]. However, Tang et al. adopted another
method to increase the amount without impacting cell func-
tions. A negative charge surface was modified into a positive
one and conjugated with anti-CD45 and IL-15Sa. The

Electrostatic interaction

NPs
NPs NPs

Cell membrane

(a)

Ligand-receptor interaction

Silica nanorattle Doxorubicin CD90/CD73 Antibody

(b)

Biotin-avidin interaction 

Biotin Neutravidin

(a)

(b)

(c)

Covalent conjugation

PEG

Thioether
bond

Maleimide
Free cell surface thiolSH

SSS

SSSS

(d)

Figure 2: (a) Scheme of NPs conjugated with cell membranes via electrostatic interaction. (b) Dox was bound on the MSC membranes via
the CD90/CD73 antibody-ligand interaction. Reproduced with permission [52]. Copyright 2011. American Chemical Society. (c)
FluoSpheres (red) modified by NeutrAvidin (orange) to bind to biotinylated MSC membranes. Reproduced with permission [58].
Copyright 2010. American Chemical Society. (d) SN-38 NPs were anchored on T cells via a thiol group expressed on the cell membrane.
Reproduced with permission [12]. Copyright 2015. American Association for the Advancement of Science.
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surface binding amounts were increased approximately 4-
fold to 7.68μg per million cells [51].

Considering the necessary expected cell functions, the
cargo density on the surface is a potentially involved factor,
limiting the backpack amounts as were the NP properties
[61]. Extra cargo modifications could weaken the impact
on cargo conjugation and achieve an expected dose, such
as receptors for recognition and cytokine loading for biolog-
ical stimulation.

3.1.2. How to Avoid Internalization? Except for RBCs, both
leukocytes and MSCs exhibit phagocytosis, which may
threaten the backpack methods because cargos could be
engulfed by carriers themselves [51]. To retain them on the
cell membranes, factors related to the internalization process
must be taken into account.

An early work by Jiang et al. indicated that internaliza-
tion could be initiated by cell surface receptor-cytokine
interactions [62], which Park et al. found was consistent on
polystyrene sphere (PS). Compared with fibronectin-
uncoated PS, the biocoated group increased internalization
amounts by 3–5-fold [44]. Additionally, Li et al. modified
NPs with the anti-CD73/90 antibody and found the loading
amounts associated with MSCs increased 22% more than
those of naked NPs [52]. Instead of a saturation-caused sur-
face backpack, this may result from anti-CD73/90-enhanced
internalization. However, receptor-mediated internalization
does not necessarily mean initiation. Several receptors on T
cell surfaces were reported to trigger the internalization pro-
cess, yet the CD45a leukocyte common antigen on the cell
membrane slowed the process. NPs modified with the anti-
CD45 antibody could anchor on the T cell membrane for
6 h to several days to avoid internalization [51]. However,
this differed for MAs because CD45 was internalized along
with NPs [63].

Putting the receptor effect aside, the internalization
process was also regulated by particle size. NPs of approx-
imately 2–10nm and 70–100nm had a weaker initiation
effect than those of approximately 25–50nm on the process
of receptor-mediated internalization of cancer cells [62].
Similarly, compared to 100–200nm NPs, 50–100 and
200–300nm NPs, respectively, had 1.56- and 2-fold lower
uptake rates by MAs [64]. Both results exhibited a parabola
tendency with a peak in the middle. This might be the opti-
mal internalization size range, but it varies with cell lines
because when the internalization process is slower than
NP clustering on the cell surface, NPs would eventually
not be engulfed [58]. This may further explain why inter-
nalized amounts of AuNPs were 1.5-fold lower with an
increasing diameter from 7 to 14nm [25]. A study by Park
et al. on uncoated PS microbeads also indicated approxi-
mately a 2-fold decline of internalized amounts when size
was increased from 100–200 to 1000 nm [44]. Although
biocoating greatly enhances internalized numbers, the PS
microbeads of 1000 nm internalized by MOs have strong
phagocytosis ability and were only 1/800 of uncoated NPs
of 45 nm engulfed by T cells [65]. Therefore, appropriately
increasing NP size decreases the possibility of being
internalized.

Other factors also influence the internalization process.
Jiang et al. realized that this process could be greatly weak-
ened at low temperatures [62]. Consistent with this finding,
NP uptake amounts were decreased by 80% at 4°C compared
to 37°C [18]. Based on this, Chandrasekaran et al. back-
packed anti-CD57-modified NPs at 4°C to protect them
from NK cell engulfment [42]. Huang et al. attached NPs
at 4°C without antibody modification, and NPs were
retained on the T cell surface for 3 d [12]. Moreover, some
photothermal-therapeutic agents were cell-selective. Ly-
6Chigh MOs could internalize single-walled nanotubes
(SWNT) to nearly 100%; however, for NEs, this was only
3%, and both Ly-6Clow MOs and lymphocytes were lower
than 1% [45]. Another factor that influences the internaliza-
tion process is NP shape. Nonspherical shape can decrease
phagocytosis risk to some extent [49].

Generally, it appears that avoiding internalization-
initiating receptor modification, increasing the NP diameter,
lowering incubation temperature, and using a nonspherical
shape may reduce the internalization risk. However, to what
extent these factors influence and compromise cell functions
in internalization progress still needs to be determined. An
additional issue to be considered for the backpack approach
is that NPs on cell membranes may cause protein corona
formation, which could affect biological interactions because
of the change in protein orientation and conformation [66].

3.2. Encapsulation Approach. Another cargo loading
method, similar to the “Trojan horse,” was to encapsulate
them into the inner cellular space, as shown in Figure 3.
Normally, innate endocytosis was one way to engulf items,
which can be realized simply by incubating cells and cargos
together. However, it did not work for RBCs. Because of the
lack of cellular organelles, RBCs lack the endocytosis func-
tion that leukocytes and MSCs have, such that hypotonic
dialysis is always deployed in this condition.

The encapsulation approach provides possibilities for a
high loading rate without altering the normal functions of
cell membranes and for taking cargos through the blood ves-
sel barrier without unnecessary interactions. However, it is
also challenging because high loading rates increase the risk
of cell cytotoxicity and unnecessary early leakage.

3.2.1. How to Enhance Encapsulating Amounts without
Cytotoxicity? A high loading rate is one strong advantage
of the encapsulation approach, but achieving this is quite
complicated. Tumor chemotherapeutics/agents, such as
PTX and Dox, are extremely toxic compared with the back-
pack approach, which was finished within 1 h. The encapsu-
lation method always takes several hours to incubate the
drug-loaded NPs or other agents with cells, as shown in
Table 2. Consequently, there is the expectation that sufficient
drug encapsulation will induce sudden cell death and there-
fore a low loading rate [18].

It was reported that 1–12.5μgmL-1 Dox was toxic to
MAs [30, 67]. However, the Dox amounts that Fu et al.
adopted were more than 4-fold, and no cell function effects
were observed [68]. Except for MAs, Dox at such high con-
centrations also exhibited a small toxic effect on MSCs [52].
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The two studies verified that most Dox-treated MAs and
MSCs were in the G0/G1 phase; thus, they successfully
escaped from the G2/M phase-dependent cytotoxicity of
Dox. Additionally, drug-resistant protein P-glycoprotein
was indicated on MAs [68] and MSCs [52] to facilitate
Dox efflux and keep cells viable. The overexpressed ATP-
binding cassette transporters on MSCs further maintained
the stem cell state. Yet MSCs seemed more sensitive to
PTX than Dox because 0.1μgmL-1 PTX was reported to be
toxic to MSCs [69]. The discrepancy in Dox toxicity on

MAs is still unclear because they have the same cell sources
of RAW264.7. One deduction could be made: most of the
MAs in the toxic groups were in the G2/M phase. One other
finding was that placing Dox on NP surfaces instead of
encapsulation resulted in 20% T cell death after 5 h and
60% after 15h [70]. Thus, free drugs were not expected to
be directly internalized by cells.

Strategies to solve this were to associate free drugs with
NPs first and then encapsulate the drug-loaded NPs into
cells to avoid direct exposure-caused cell toxicity. Several

5 μm

(a)

2 μm

2 μm

(b)

15-30 min a 1h

b

d 24-48h

c

6h

(c)

Figure 3: Backpack and encapsulation approaches. (a) Scanning electron microscope (SEM) images of RBCs which were backpacked with
multitheranostic probes for cancer surgery guidance and therapy. (b) SEM images of higher magnification of cargo-loading RBCs, and the
insert shows naked RBC images. Reproduced with permission [48]. Copyright 2019. Ivyspring International Publisher. (c) Confocal
micrographs of quantum dot distribution in MSCs after 15–30min, 1 h, 6 h, and 24–48 h incubation. Nuclei, Hoechst blue; actin,
Phalloidin green; quantum dots, red. Scale bar for main images, 15 μm; scale bar for insert images, 10 μm. Reproduced with permission
[40]. Copyright 2017. Dove Medical Press.
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types of NPs that exhibited good biocompatibility, biode-
gradability, and capability to load hydrophilic/hydrophobic
drugs were widely studied for drug carrying. Liposomes
(including unilamellar and multilamellar) enhanced the
maximum tolerated dose (MTD) 20-fold in MAs of PTX
[71] and 50–200-fold for Dox [30, 67]. It was also
reported that poly(lactic-co-glycolic acid) (PLGA) NPs
were able to enhance 5-fold higher for Dox MTD for
MAs [64], yet no obvious change was observed for PTX
MTD on MSCs [69]. Huang et al. also deployed poly(-

AAc-co-DSA) and raised Dox MTD for MOs more than
3-fold [72]. One more drug-covering material is albumin.
Albumin-bound NPs translated PTX into the commercial
cancer drug Abraxane, for which the phase III data indicated
that albumin allowed a 1.5-fold increase in MTD of Abraxane
than that of free PTX; however, when the dose was beyond
MTD, 25% of patients notably suffered from neutropenia
[57]. Based on these findings, it is not difficult to conclude that
encapsulating NP-protected drugs into cells prevents cytotox-
icity and increases the loading rate.

Table 2: Cargo loading conditions of encapsulation and backpack approaches.

Refs.
Loading
method

Culture
time

Incubation
temperature

Drugs/NPs
Drug/
NP size
(nm)

Drug concentration
for loading

Cell
carrier
type

Final loading
amounts (μg
drug per

million cells)

Cancer
type

In
vitro/
in vivo

[70] Encaps 5min Unknown
Dox/

TargetMAG
NPs

50 2μg/mL T cell Dox 0.192 N/A
In
vitro

[18] Encaps. 2 h 37°C
Dox/silica

NPs
28.4 20μg/mL MA Dox 16.6 Glioma In vivo

[72] Encaps. 4 h 37°C

Dox/
poly(AAc-
co-DSA)
NPs

260 13.6μg/mL MO Dox 1.44
Prostate
cancer

In vivo

[67] Encaps. 6 h Unknown
Dox/

liposome
NPs

145 25μg/mL MA Dox 4.4
Breast
cancer

In vivo

[69] Encaps. 8 h 37°C
PTX/PLGA

NPs
135 8 ng/mL MSC PTX 1 Glioma In vivo

[38] Encaps. 12 h Unknown
PTX/

albumin
NPs

100-130 200μL PTX NE PTX 18
Gastric
cancer

In vivo

[53] BP 20min Unknown
Curcumin/
chitosan
NP-biotin

377 50μg/mL MSC
Curcumin
54.73

Lung
cancer

In vivo

[59] BP 30min 37°C
NSC-87877/
liposome
NP-PEG

200 T cell : NP ratio = 1 : 1000 T cell 100 NPs/cell
Prostate
tumor

In vivo

[12] BP 30min 4°C
SN-38/
liposome
NPs

340 Unknown T cell SN-38 0.4 Lymphoma In vivo

[46] BP 30min RT Chlorin e6 Molecule 3μg/mL RBC

~ 6 × 106
Ce6

molecules on
the surface

Breast
cancer

In
vitro

[51] BP 1 h 37°C
IL-15Sa/
nanogel-
PEG

121 0.67μg/mL T cell IL-15Sa 7.68 Melanoma In vivo

[52] BP 1 h 37°C
Dox/SN-
anti-CD90/

CD73
152.9 100μg/mL MSC

1500 NPs/
cell

Glioma In vivo

[24] BP 1 h 4°C
ZnF16Pc/
biotin-
ferritin

15-18 Unknown RBC

2 × 107
ZnF16Pc

molecules on
the surface

Glioma In vivo

Encaps. = encapsulation; BP = backpack; RT = room temperature. For other abbreviations, please refer to the abbreviation list.
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3.2.2. How to Ensure Retaining Sufficient Drugs Inside
without Early Leakage? Drugs are supposed to have a long
retention period in cells. It took as long as 6–12h for MAs
to arrive at brain lesions [18], approximately 20–40 h for T
cells to arrive at a lymphoid organ [12], and at least 4–6h
for MSCs to arrive at lung and liver tumors [19]. During cir-
culation, drugs must stay with NPs to ensure the cell carrier
function remains unchanged and there is sufficient drug for
delivery to tumor sites. For example, 40% of Dox in NPs was
released from MAs after 8 h [64], and 50–90% of SN-38 in
NPs was released within 6–12 h [73]. It was also reported
that approximately 60% of PTX in NPs was released from
MSCs within 30min [74]. These facts indicate that most
drugs were unloaded before arriving at tumor lesions and
further cause systematic toxicity.

One leakage threat was from lysosomes. This organelle
has a low pH of 5 and is flooded with approximately 60
types of hydrolases, which may degrade NPs inside the
organelle. Acid-responsive NPs were found to begin intra-
cellular release within 15min [75]. Therefore, the backpack
approach is suggested to carry unprotected, acid-responsive
drugs/NPs for cancer therapy. Another threat was from exo-
cytosis. Cells engulfed drugs/NPs inside via endocytosis, but
exocytosis correspondingly placed encapsulated NPs in dan-
ger of leakage. Interestingly, the two threats are not related to
RBCs because they do not have lysosomes or an exocytosis
function. RBC membranes are impermeable, and normally,
no more than 5% of free drugs leak within 2 h [46]. Besides
lysosomes and exocytosis, drug-resistant protein P-gp is
one more threat for cells that expressed the protein because
it was found that 65% of free Dox was extruded from MAs
within 2 h [68].

One option is choosing proper NPs that are themselves
beneficial for drug retention to reduce leakage risk. For
example, poly(AAc-co-DSA)-coated Dox has a restricted
release lower than 20% within 24 h from MOs [72]. Another
solution is modulating NP structure. Instead of polymers or
liposomes, Zhang et al. adopted silica as a nanocapsule to
load Dox and then encapsulated the complex into MAs
[18]. To realize minimal liberation during migration and
controlled release in situ, the drug-loaded MAs achieved a
two-phase drug release by modulating silica coating thick-
ness from 12 to 52 nm and keeping two times the amount
of the drugs inside NPs. One more possibility is to enhance
the internalization process, which was discussed in detail in
Section 3.1.2. Based on this strategy, Moku et al. attached
one cell-penetrating peptide-transactivator of transcription
(TAT) peptide on the cell membrane. Compared with naked
NPs, the uptake of TAT NPs was enhanced 3-fold, and
retention amounts of drugs/NPs were accordingly increased
2-fold in MSCs, as expected [74].

4. Cascade Strategies for Improving Cell-Driven
Targeting Delivery Efficiency

The delivery efficiency of NPs varied with tumor types, tar-
geting methods (active or passive), material properties (inor-
ganic/organic, particle size, surface charge, and particle
shape), and transplantation approaches (orthotopic allo/xe-

nografts). The factors mentioned above strongly affect the
delivery efficiency and have been well studied for NPs. How-
ever, according to the analysis of over 10 years (2006–2016),
the delivery efficiency of NPs to tumors was still less than
1%, with only 0.7% reaching the lesion on average, and the
majority was in a nonspecific interaction manner [10]. This
low delivery efficiency in tumors resulted from the following
facts: NPs were cleared by RES and kidneys [8]; NPs rely on
EPR effects to accumulate in tumor lesions, which failed in
the clinic [76]; and a 10-40-fold fluid interstitial pressure
hampered NP penetration and distribution [10]. Recently,
circulatory cells from the blood were widely studied, as listed
in Table 3, which shows great potential to facilitate the
CAPIR process to improve diagnosis and therapeutic
efficacy.

4.1. Circulation Ability. Regarding clearance threats on NP-
based DDS, the long circulation time of circulatory cells in
the whole body, as discussed in Section 2, reduces the risk
to an extremely low level. In the study of Huang et al., 60%
of Dox/NP-encapsulated MOs arrived in prostate tumors
after 48 h postintravenous injection, but 80% of free NPs
were found trapped in the liver [72].

4.2. Accumulation Strategies. The concern about the EPR-
dependent accumulation of NPs would not hinder circula-
tory cells because they are chemoattracted by tumor-
related signals and actively transmigrated into tumors with
their payloads. However, a recent study found that, instead
of long-term recognized intercellular extravasation, NPs
deployed an active transportation manner via transcellular
mechanisms to accumulate into tumor tissues [9]. The work
revealed that gap frequency was as low as 8% in all studied
tumor types, in which more than half the gaps were transcel-
lular channels. Would it be controversial that NPs were dif-
ficult to accumulate in tumors without obvious EPR effects?
If not, did it result from low retention, despite being trans-
ported inside? Regardless of whether NPs depend on EPR
or not, they must face the same issue of the low accumula-
tion rate that circulatory cells can enhance. Based on the fol-
lowing three strategies, accumulation of the cell vehicle was
achieved, and the efficiency was enhanced.

4.2.1. Innate Homing Ability. The basic approach to target
the lesion was based on the innate chemotaxis response of
cells to tumor-related signals, as depicted in Section 2. Com-
pared with the average mentioned above that reached a rate
of 1%, approximately 44:4 ± 5:4% of PTX/NP-encapsulated
MSCs arrived in mouse gliomas through natural homing
ability [69]. Dox/NP-encapsulated MA-treated mice also
appeared to have a higher density in glioma tissue than
Dox/NP alone [64]. The accumulation amounts of SN-
38/NP-backpacked T cells were 63 times higher than that
of free SN-38/NPs at 20h in lymphomas and remained high
for 4 d [12]. It was confirmed that several ligand-receptors
bound to blood vessels could slow the rolling pace of cells
and facilitate the transmigration process [35]. Similarly,
Chen et al. revealed that ECs in tumor vasculature had dif-
ferent phenotypic profiles with various shear stresses, and
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Table 3: Different cells loaded with varied cargos for cancer diagnosis and therapy.

Refs.
Cell
type

Loading method Drugs/NPs
Drug/NP size

(nm)
Cancer type

In vivo/
in vitro

[36] NE Encaps. PTX/liposome NPs 100 Glioblastoma In vitro

[38] NE Encaps. BSA/PTX NPs 130 Gastric cancer In vivo

[55] NE
Injecting and engulfed by NE

in vivo
BSA/PLGA NPs 450 Prostate cancer In vivo

[12] T cell BP SN-38/liposome NPs 340 Lymphoma In vivo

[43] T cell BP siRNA/liposome NPs 150 N/A In vitro

[59] T cell BP NSC-87877/liposome NPs 200 Prostate cancer In vivo

[51] T cell BP IL-15Sa/nanogel 121 Melanoma In vivo

[54] T cell BP Liposome NPs 100/200/300
Lymphoma/lung

cancer
In vivo

[56] T cell
Injecting and hitchhiking T

cell in vivo
Curcumin/aPD1/PEG NPs 43-50 Melanoma In vivo

[65] T cell Encaps. AuNPs 45 Lymphoma In vivo

[70] T cell Encaps. Dox/TargetMAG NPs 50 N/A In vitro

[17] NK BP PTX/liposome NPs 220 Ovarian cancer In vivo

[42] NK BP TRAIL/anti-CD57/liposome NPs 161
Prostate/breast/colon

cancer
In vitro

[57] NK
Injecting and hitchhiking NK

in vivo
Trail/anti-NK1.1/liposome NPs 138

Melanoma, colon
cancer

In vivo

[18] MA Encaps. Dox/SiO2 NPs 28.4 Glioblastoma In vivo

[25] MA Encaps. Au/BSA nanorods 7 Liver cancer In vivo

[30] MA Encaps. Dox/liposome NPs 150 Lung cancer In vivo

[47] MA BP Fluorophores N/A Breast cancer In vivo

[64] MA Encaps. Dox/PLGA NPs 141.6 Glioblastoma In vivo

[67] MA Encaps. AuNRs & Dox/liposome NPs 145 Breast cancer In vivo

[68] MA Encaps. Dox only N/A Breast cancer In vivo

[71] MA Encaps. PTX/Fe3O4/liposome NPs 110.36 Breast/colon cancer In vitro

[73] MA Encaps. SN-38 NPs 119.13 Lung/breast cancer In vivo

[44] MO Encaps. Polystyrene microbeads 100/300/1000 N/A In vitro

[45] MO Encaps. RGD/cy5.5/PEG-SWNT 0.8-1.2 Glioblastoma In vivo

[49] MO BP LbL disk (500 nm thick) 7000 Inflamed lung In vivo

[72] MO Encaps. Dox/poly(AAc-co-DSA) NPs 200-260 Prostate cancer In vivo

[6] NSC BP Docetaxel/PEG-PDPAEMA NPs 400 Breast cancer In vivo

[19] MSC Bioengineered Fluorescence N/A Liver/lung cancer In vivo

[40] MSC Encaps. Quantum dots/PEG NPs 14.5 Breast cancer In vivo

[41] MSC Bioengineered IFN-α N/A Melanoma In vivo

[52] MSC BP Dox/silica nanorattle 152.9 Glioblastoma In vitro

[53] MSC BP Curcumin/chitosan NPs 377 Lung cancer In vivo

[58] MSC BP FluoSpheres 40 Liver cancer In vitro

[69] MSC Encaps. PTX/PLGA NPs 135.3 Glioblastoma In vivo

[74] MSC Encaps. PTX/PLGA/TAT NPs 225 Lung cancer In vivo

[23] RBC Encaps. ICG-BSA NPs & free Dox N/A Glioblastoma In vitro

[24] RBC BP Ferritin/ZnF16Pc NPs 15-18 Glioblastoma In vivo

[46] RBC Both Free Dox (in), Ce6 (on membrane) N/A Breast cancer In vitro

[48] RBC Both
ICG/BSA (in), upconversion NPs (on

membrane)
40 Liver cancer In vivo

[61] RBC BP PS or LDNG NPs 171/268 N/A In vitro

Encaps. = encapsulation; BP = backpack. For other abbreviations, please refer to the abbreviation list.
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ligand-receptor interaction can resist the flow stress and
extend residence time on EC surfaces, thereby increasing
the accumulation rate [14].

4.2.2. Amplifying Tumor-Related Signals In Situ. One
method to improve accumulation rate is to amplify the
inflammatory tumor signal for chemoattraction based on
innate homing ability:

(i) Under a postsurgical inflammatory condition, Xue
et al. increased the targetability of PTX/NP-encapsu-
lated NEs 86-fold and 1162-fold compared to that of
PTX/NPs and single Taxol, respectively [36]

(ii) Radiation is also employed to enlarge local inflam-
matory conditions. Using enhancing radiation inten-
sity, inflammatory factors such as IL-8, IL-10, and
TNF-α in tumors were amplified approximately
1.3–1.56-fold. Accordingly, NEs exhibited a radia-
tion dose-dependent tumor accumulation, showing
obvious cell clusters in tumors at 1 h postinjection,
which lasted for 2 d [38]. After γ-ray pretreatment,
a hypoxia core featured by a decreased vascular den-
sity and increased hypoxia microenvironment was
augmented in tumors to recruit tumor-associated
MAs. In this context, Dox/NP-encapsulated MOs
presented a higher aggregation in tumors than did
Dox/NPs [72]

4.2.3. Targeting Modification on Cell Carriers. Modifying
cells themselves is another method to support high accumu-
lation rates:

(i) Lymphocytes can recognize tumors via specific anti-
gens; therefore, they retain tumor-related antigen
receptors and facilitate this process. For example,
NP-backpacked CD8+ T cells retained receptors
that specifically recognized OVA-1 in tumors,
which amplified accumulation 176-fold more at
the tumor site than free NPs after 2 h [54]. Engi-
neered NK cells that expressed CD19 and Her2
receptors showed higher accumulation rates than
nonengineered cells against CD19/Her2-positive
tumors [17]. Recently, cytotoxic T lymphocytes
were reported to release supramolecular attack par-
ticles (SMAPs) with TSP1 surface proteins to target
tumor cells and then performed independent killing
[77]

(ii) Conjugating targeting molecules on the cell surface.
RGD is a short peptide that targets αvβ3 integrin-
positive tumors, and modifying RBCs with RGD
allowed an obvious attachment in tumors that
native RBCs could not achieve [23, 48]

(iii) For magnetizing modification, cell carriers have
internalized magnetic particles, such as Fe3O4, to
follow guidance from electromagnetic fields. This
method was widely studied as external assistance
to control the cell path, and MA motion and speed
were found to be enhanced 29 times that of normal

cells [71]. Along with this, it may improve SMAP
capability and make a concession to the premise of
reducing early leakage risk

Enhancing accumulation can reduce drug demands. SN-
38/NP-backpacked T cells had density 90 times higher in
lymphomas than that in free drugs of 10-fold injection
doses. Moreover, T cells with a 1/40 drug dose of free SN-
38 eased the tumor burden that free SN-38 could not [12].
It was also found that TNF-α-transduced MSCs secreted
TNF-α for 2 weeks and showed equal effects at a low dose
to free TNF-α at a high dose [41].

4.3. Penetration Ability. NPs normally are distributed
around the periphery of tumor tissues. For example, Dox
was reported to diffuse only 8–16μm from the tumor vessel,
and Dox/NPs were limited to 10–20μm [72]. By modulating
NP size, infiltrating long distances could be feasible. NPs can
penetrate into deep tumor tissue only if the diameter is
smaller than 20nm, and this size range will be difficult to
escape from RES clearance [4].

Unlike NPs, circulatory cell-driven drug delivery was
able to chemomigrate without obstacles even under the con-
dition of a high-pressure tumor matrix. As discussed in Sec-
tion 2, leukocytes and MSCs are components of tumor
tissues. Furthermore, leukocytes can perform compartmen-
talized and mixed distribution in tumors [78]. In animal
tests, it has been confirmed that, regardless of high pressure,
the hypoxic microenvironment in the tumor tissues had a
stronger ability to recruit leukocytes into deep regions [72].
In glioma, spheroids at the depth that Dox/NP-MAs
migrated were 1.56-fold that of NPs alone (56.42μm vs.
36.07μm) [64]. Furthermore, Dox/NP-MOs penetrated far-
ther than 100μm from the nearest vessel [72]. Therefore,
once drug-carrying circulatory cells accumulated in the
tumor sites, the penetration process was in a clear pattern.

4.4. Drug Release Profiles and Internalization. Concerning
the CAPIR cascade, the final two steps of NPs were internal-
ization for drug release, but the order for circulatory cells
was reversed. Cargos were released first via transcellular
mechanisms, then were internalized by tumor cells. As illus-
trated in Figure 4, there are three kinds of drug release pat-
terns for cell-driven drug delivery systems, as discussed
below.

4.4.1. Exocytosis. Exocytosis was the fundamental function
that drug-encapsulated cells employed. By optimizing the
drug leakage profile during circulation, drugs/NPs released
via exocytosis could be slowed in the early phase and quick-
ened in the late phase for tumor cell internalization [18].
Drug efflux also occurred after the drugs and NPs were dis-
sociated inside cells [69]. This meant that drugs/NPs were
internalized by tumor cells in two patterns: intact drugs/NPs
and free drugs.

The internal tumor microenvironment was also reported
to accelerate exocytosis speed. Under inflammatory signals
of the IFN-γ condition, Dox/NP-MAs were activated to
release the drug two times faster within 4 h than the group
without IFN-γ [64]. The same tendency happened to
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Figure 4: Three drug release patterns. (a) Exocytosis: either free Dox or Dox/SiO2 NPs were secreted by MAs for glioblastoma treatment.
Reproduced with permission [18]. Copyright 2018. John Wiley and Sons. (b) Cell disintegration I: Abraxane-encapsulated NEs disintegrated
and formed the neutrophil extracellular traps to kill gastric cancer. Reproduced with permission [38]. Copyright 2018. John Wiley and Sons.
(c) Cell disintegration II: Dox-encapsulated and Ce6-backpacked RBCs were disintegrated by photoradiation for breast cancer. Reproduced
with permission [46]. Copyright 2017. American Chemical Society. (d) Cell-drug dissociation: SN-38 was dissociated from the T cell
membrane into lymphoma cells. Reproduced with permission [12]. Copyright 2015. American Association for the Advancement of Science.
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Dox/NP-MOs in acidic tumor environments [72]. However,
exocytosis did not work for RBCs because there are no
organelles to function in efflux, and they rely on diffusion
or disintegration only.

4.4.2. Cell Disintegration. Cell disintegration was one pat-
tern to trigger drug release in lesions, used for both the
drug-encapsulated and backpacked cells. As mentioned in
Section 3.2.2, chemotherapeutics threatened the normal
function of cells. When they arrived at the tumor sites,
free drugs reached a high concentration inside carriers as
designed, and cells started to disintegrate to release all
tumor-toxic freights [30]. Additionally, NEs had a unique
feature that could amplify this toxic process. Under a con-
dition of high postsurgical inflammation environment of
TNF-α, CXCL1/KC, and IL-8, NEs could destroy them-
selves into NETs to release both original toxic proteins
and loaded toxic drugs [36].

External interventions like ultrasound, radiation, heat,
and NIR were also deployed to destruct cells for drug release
in situ. Those interventions were initially involved in radio-
therapy. With ultrasound aid, MOs encapsulated with echo-
genic particles and drugs disintegrated and showed
substantial cancer cell killing ability in vitro. RBCs released
80–100% of Dox under radiation conditions within 10min,
and the speed was 16 times faster [23, 46]. RBC disintegra-
tion is an important premise for PDT, which can simulta-
neously damage tumor vasculatures and generate abundant
ROS toxic to cancer cells [24]. However, additional
approaches are united for chemo/radiotherapies and diagno-
ses to amplify treatment efficacy. Suppose both imaging
agents and photosensors are carried via RBCs and can
simultaneously realize bioimaging-directing tumor resection
via NIR-II fluorescence and killing tumor cells under the
PDT condition [48]. Given the disintegration-responsive
feature under acidic environments and NIR laser conditions,
MAs released 29:3 ± 1:69% of the drugs in 1 h, which took
approximately 24 h under a pH of 7.4 with no laser condi-
tions [67].

4.4.3. Cell-Drug Dissociation. Cell-drug dissociation is
another pattern to unload cargos into the tumor sites. For
these drugs that cannot interact with tumor cells well if
retained on the host cell membrane, cell dissociation must
be considered. Li et al. backpacked MSCs with Dox/silica
nanorattles that were responsive to pH change. Compared
with pH7, pH4 led to an alteration of interaction force
strength between nanorattles and drugs and stimulated a
3-fold greater dissociation [52]. Similarly, Tang et al. back-
packed T cells with a protein nanogel interlinked by a
reduction-responsive reversible cross-linker. Once in tumor
tissue, the raised tumor antigen concentration activated T
cells. The surface reduction was correspondingly increased
on the cell membrane, which initiated cell dissociation with
drugs [51].

4.4.4. Internalization and Survival Extension. Regardless of
adopting any release approach, drugs/NPs were internalized
in a mixed manner for free drugs and drugs/NPs, except for

those products, such as ROS, performing killing tasks
completely without internalization. The internalization effi-
ciency of drugs/NPs in tumor cells was determined by NP
design, and carrier cells hardly played a role in this process.

The cell-driven drug delivery system at least extended
the survival rate. After tumor surgery, the number of sur-
vival days of SN-38/NP-T cell-treated mice was extended
by 10d relative to both free SN-38 and SN-38/NPs [12]; that
of Shp1/NP-T cell groups showed a 14d increase compared
to that of the untreated group [59], and that of PTX/NP-NE-
treated mice was, respectively, increased by approximately
32 and 23d longer than free Taxol and PTX/NPs [36]. In
general, these targeting strategies with circulating cells prag-
matically overcame the problems NP-based systems faced.
Regardless of some issues to be solved, such as balancing
loading amounts and function, it created new strategies
and insights for targeted cancer therapy.

5. Cell Derivatives as Drug Carriers for
Targeting Delivery

As biological entities, native cells are complex and fragile.
Augmenting while balancing the functionality remains a
topic of study. Two other candidates derived from cells pro-
vided extra clues for targeting drug delivery: the cell mem-
brane and small extracellular vesicles (EVs), as listed in
Table 4.

5.1. Cell Membrane

5.1.1. Native Cell Membrane. The efficiency of circulatory
cell delivery of drugs is attributed to the following features:
reducing RES clearance risk, targeting and accumulating in
tumor sites, and exerting a cytotoxic effect. These topics have
been partly related to cell membrane proteins that provide a
“do not eat me” signal [22], tumor-targeting proteins [46],
and death-initiating proteins [77]. Therefore, the cell mem-
brane plays a key role in drug/NP delivery.

Cell membranes of circulatory cells are biological mate-
rials. As expected, they present good biocompatibility, long
circulation time, and tumor-targeting and accumulation
abilities. Blood leukocyte membranes express signature pro-
tein CD45 or CD3Z and adhesion protein LFA-1 or CD11a
for vascular extravasation [79]. NK membranes express the
signature protein CD56 and tumor-targeting/toxic receptors
NKG-2D and NKp30 [32]. After being used to decorate NPs,
leukocyte membrane- and NK membrane-coated NPs were
stable in both PBS and 90% fetal bovine serum within 24 h,
and no early degradation or drug leakage was observed.
However, the membrane-coated NPs presented a donor
membrane-dependent clearance where particles exhibited
the same membrane as phagocytic cells, and the internaliza-
tion chance decreased by approximately 75%. When this
does not occur, it is low to 10% [79]. Both kinds of mem-
branes facilitated a 2-fold higher accumulation in tumors
relative to that in free NPs. Consistent with this, MA
membrane-coated NPs reached a mean retention time and
half-life in the plasma 2 times more than that in uncoated
NPs [80]. MA membranes were additionally found to have
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5.88-fold higher cellular uptake efficiency than that of
uncoated NPs [81]. Unlike the top-down approach in the
studies mentioned above, Parodi et al. functionalized parti-
cles with leukocyte lesion-targeting molecules to create a leu-
kosome via the bottom-up method. Compared with naked
particles, it also decreased clearance from RES and kidneys
by 1.5–2.6-fold and increased accumulation 7-fold in the
inflamed vessels [82]. In addition to leukocytes, mem-
branes of RBCs [83], platelets [84], and stem cells [85]
were also widely used for particle camouflage. Cancer cell
membranes were also studied as NP coating to target can-
cer cells in return. Compared with naked NPs, liposome-
coated NPs, RBC membrane-coated NPs, and trypsinized
HeLa membrane-coated NPs, HeLa membrane-coated NPs
achieved enhanced cellular uptake efficiency [86]. This did
not necessarily mean the cancer cell membrane itself sur-
passed other membranes to target tumor cells, because one
cancer-specific membrane protein on the HeLa cell-integrin
αvβ3 was found to function in HeLa targeting. Therefore,
the tumor-targeting design should be based on distinct can-
cer cell types.

5.1.2. Synthetic Membrane/Cell. By mimicking the natural
function of cell carriers, synthetic membranes and cells were
constructed. Because hemoglobin itself is susceptible to
autooxidation, to overcome large oxygen loss for PDT, Liu
et al. assembled artificial RBCs with basic features of size,
shape, and deformability. Amazingly, the artificial RBC
capacity was augmented to achieve 10-fold payloads of a
hemoglobin-dopamine complex [87]. Similarly, Guo et al.
deployed a silica cell bioreplication method to rebuild RBCs

successfully, and these cells expanded possible carrying con-
tents from hemoglobin to drugs, ATP biosensors, and mag-
netic NPs [88]. Hindley et al. deployed a bottom-up
synthetic strategy to behave biologically to construct an arti-
ficial cell with a communication pathway [89]. Strictly
speaking, a synthetic cell/cell membrane is not a cell deriva-
tive, especially for synthetic cells similar to a robot, which is
a simplification and augmentation process that screens
unnecessary functions and amplifies/adds expected ones.
However, they provide a new perspective on the DDS bene-
ficial elements from cells.

5.2. Small Extracellular Vesicles (Small EVs)

5.2.1. A Real Drug Delivery Medium In Vivo. Extracellular
vesicles are lipid bilayer-coated and are released from par-
ent cells, consisting of small extracellular vesicles of exo-
somes (30–150nm), ectosomes (100–1000nm) [90], large
vesicles of apoptosis bodies (1–5μm) [91], and oncosomes
(1–10μm) [92]. These vesicles have versatile contents,
including proteins and genetic materials, secreted for short/-
long-distance communication by all types of cells under
physiological and pathological conditions. EVs have rich
sources in body fluids, such as blood, saliva, urine, cerebro-
spinal fluid, and milk.

Small EVs are involved in drug delivery in vivo. Smith
et al. found that carbon nanotubes were taken up by 8μm
circulating cells once injected into the blood [45]. Recently,
Chaudagar et al. observed a similar phenomenon wherein
NEs were in vivo activated to internalize NPs (BSA-NP-
cabozantinib) to assist drug delivery to lesions [55]. Kim

Table 4: Different cell derivatives loaded with varied cargos for cancer diagnosis and therapy.

Refs. Cell type Loading method Drugs/NPs
Drug/NP size

(nm)
Cancer type

In vivo/
in vitro

[32] NK membrane Coating Gadolinium/PLGA NPs 109 Breast cancer In vivo

[79] MO membrane Coating Silicon particles 3200 Melanoma In vivo

[80] MA membrane Coating
Dox/IND/Ce6/PEG/bilirubin

complex
107

Breast cancer/
melanoma

In vivo

[81] MA membrane Coating PTX-albumin NPs 138.7 Melanoma In vivo

[82] MA membrane Coating Dexamethasone N/A Inflamed ear In vivo

[83] RBC membrane Coating
Dox/Kirenol/phosphorous

quantum dots
10 Cervical cancer In vivo

[86]
Tumor cell
membrane

Coating AuNPs 40 N/A In vitro

[22] RBC sEVs Encaps. Free clodronate N/A CD47-/-model In vivo

[95] Blood sEVs
Between lipid

layers
Free Dox N/A Liver cancer In vivo

[96] T cell sEVs N/A Chimeric antigen receptor N/A Breast cancer In vivo

[101] Tumor cell sEVs Encaps. ZnO nanocrystals 91 KB cancer In vitro

[102] Blood sEVs Both
Dox/miRNA21 inhibitor (in),

MTf/L17E (on EVs)
106 Glioblastoma In vivo

[103] RBC sEVs Encaps. RNA N/A Breast cancer In vivo

[104] Cancer sEVs Encaps. Free methotrexate N/A CCA In vivo

[87] Artificial RBC Encaps. Hemoglobin-dopamine complex 100 Breast cancer In vivo

Encaps. = encapsulation; BP = backpack. For other abbreviations, please refer to the abbreviation list.
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et al. further realized that, instead of being internalized
directly by tumor cells, NPs could be first engulfed by local
MAs [93]. Importantly, approximately 16.5% of released
drugs were entrapped within MAs-exosomes by calculation
[18]. More recently, it was revealed that cytotoxic T lympho-
cytes killed cancer cells by releasing both ectosomes and
supramolecular attack particles, wherein supramolecular
attack particles were found to work independently [77].
Because NPs are taken into mediating cells and entrapped
in vesicles, studies have paid much attention to small EVs
as carrier candidates.

5.2.2. Carrier Features of Small EVs for Drug Delivery.
Besides a nanoscale size similar to that of NPs and blood cir-
culation properties similar to those of circulatory cells, small
EVs also provide targeting efficiency and have the potential
to reduce cell carrier side effects. Similar to cell carriers,
the loading method is a critical link for small EVs, and it
has been detailed elsewhere by Yang et al. [94]:

(i) Small EVs have an inherent escape capability from
clearance. Ectosomes of RBCs were reported to
maintain the parent “don’t eat me” protein CD47
[22]. Yang et al. then utilized blood exosomes for
delivering Dox, which reduced drug accumulation
in the liver and heart [95]

(ii) Small EVs were able to target and accumulate in
tumor tissues as cells did. EVs contained transmem-
brane signature proteins and versatile receptors for
membrane anchoring. For example, except for T cell
signature proteins of CD8 and CD3, exosomes and
ectosomes were shown to retain tumor-targeting
proteins of T cell receptors (TCRs) [96] and FasL,
respectively [77]. Both proteins can initiate tumor
death. Moreover, the amounts of surface chimeric
antigen receptors (CAR-engineered tumor-targeting
proteins) on purified exosomes were similar to those
on cells [96]

(iii) Inflammation and low pH are two hallmarks of the
tumor microenvironment. As discussed in Section
2, inflammatory signals chemoattract related cells
to sites and enhance the EV internalization process.
TNF-α loosened the tight conjunction between cells,
and the activated cells had 3 times higher internali-
zation ability with a time extension [97]. A low pH
value also increased the timing of exosome uptake
by tumor cells. Under acidic conditions (pH6), the
uptake emerged 15min earlier than that under a
pH7.4 condition, and the uptake amounts were
1.5-fold higher during the first 5min [98]. An acidic
environment further increased cargo release effi-
ciency. Instead of being engulfed into lysosomes,
exosomes under acidic conditions tended to directly
fuse with the tumor cell membranes to release the
cargo. It was also shown that the fusion process
was cell-dependent. The fusion activity of tumor
exosomes was 19–23% for metastatic tumor cells
and 9–12% for primary tumor cells, whereas it was

barely detectable in normal cells, which provided
another perspective on exosome targetability

(iv) Small EVs can reduce cell carrier side effects while
efficiently killing tumor cells. An important feature
of CARs-exosomes inherited from cytotoxic T cells
is that they can exert a cytotoxic effect against
tumor cells. Additionally, CARs-exosomes perfectly
rid themselves of PD-1 on the vesicle membrane
(PD-1 is normally expressed on parent cells and
interacts with PD-L1 on the tumor surface to
weaken the cell antitumor effect). No cytokine
release syndrome was observed in CAR-exosome
therapy, common toxicity in CAR-T therapy [96]

5.2.3. Application of Small EVs in Tumor-Targeting Delivery.
Small EVs secreted from donor cells retained the mother cell
signature and function protein, and the selectivity was main-
tained, to some extent, to ensure targetability and therapeu-
tic effects.

Exosomes from engineered leukocytes expressed tumor-
targeting Lamp2b, which reached an encapsulation effi-
ciency of 20% with Dox. Dox/EVs appeared in tumor sites
within 30min after injection, peaked at 2 h, and disappeared
at 8 h, although no signal was detected in the tumor area at
any time for nontargeting protein exosomes [99]. The off-
target case in the control group may be caused by losing
some of the tumor-targeting proteins of donor cells. CAR-
T-derived exosomes retained the necessary targeting pro-
teins and inhibited 67–70% of tumor growth for both the
breast and lung cancer therapies in animals [96]. Another
study showed the same tendency [100]. Instead of bioengi-
neering, Wang et al. fed donor cells with PTX and biotinyl-
ated these cells, then obtained expected PTX-loading
exosomes with dual ligands of biotin and avidin on the
membrane to target tumor cells. These biotinylated exo-
somes extended the accumulation signal to 48 h after injec-
tion, but blank exosomes were almost lost in circulation.
This loss may result from cell line discrepancy because circu-
latory cells (usually leukocytes) were the ones with rich
tumor-related targeting proteins. Dumontel et al. interest-
ingly used tumor cell-derived exosomes to encapsulate
ZnO nanocrystals and effectively kill tumor cells without
any membrane modification [101]. Magnetic molecules were
also applied to small EVs for targeting. Zhan et al. linked
Fe3O4 nanoparticles on blood exosomes via a ligand-
receptor interaction to simultaneously achieve both exosome
separation and tumor targeting. The magnetic exosome
group enhanced vesicle accumulation at the tumor site
within 1 h to a level that the normal group took 24 h to
achieve (Figure 5) [102].

Besides chemotherapeutic drugs, genes are another type
of cargo that have been widely studied with small EVs.
One advantage, as discussed previously, is that small EVs
can fuse with cell membranes directly to prevent genes from
degradation in lysosomes. Additionally, because of the lack
of nuclei and organelles in RBCs, RBC-derived microvesicles
are a great carrier for gene delivery. Usman et al. deployed
RBC microvesicles to load antisense oligonucleotides to
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successfully treat leukemia [103]. To cross the endosome
membrane, endosomolytic peptide L17E was tethered on
EVs to accelerate the escape of cargo from endosomes to
the cytosol. Compared with nonmodified exosomes, RNA
in modified exosomes that was entrapped in endosomes
was less than one-third [102].

These EVs displayed a prolonged circulation time, high
targeting efficiency, and therapeutic effects by modulating
membrane protein expression and cell line discrepancy
between donors and target cells. A clinical finding regard-
ing methotrexate-containing microvesicles for treating
cholangiocarcinoma reported that approximately 30% of
patients were partially relieved upon biliary obstruction.
After the first treatment, approximately 50% of the liver
function of the patients was improved, and symptoms of
jaundice were reduced [104]. This suggested the feasibility
of small EVs as a competent drug delivery carrier for
tumor therapy.

6. Challenges

6.1. Restricted CAPIR Process. There are two concerns
regarding RBC accumulation and penetration ability. A high
surface-to-volume ratio causes high deformability, yet it
matters to what extent cells of 7–8.5μm can transmigrate
the 2μm interendothelial gaps. Moreover, these cells are pas-
sively driven by blood flow, so they may have a problem
penetrating the deep tumor matrix alone.

Similar to RBCs and cell membranes, crossing the blood
barrier and accumulating well is a persisting issue for EVs
because they cannot migrate as leukocytes/MSCs do. One
in vitro Transwell study reported that exosomes migrated
from a low chamber to an upper one via a transcellular
mechanism [97] instead of gap diffusion. Sindhwani et al.
recently also revealed that only seven EPR gaps were found
in 313 vessels [9]. When taking the transcellular way, both
the uptake-to-efflux ratio and the integrity of EVs need to
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Figure 5: (a) Scheme of gene/chemotherapy on a blood exosome basis. Chemotherapeutic drugs and the cholesterol-modified miRNA21
inhibitor were embedded between the vesicle lipid bilayers for tumor killing; both magnetic molecules and L17E peptides were bound
onto the vesicle membrane, respectively, for targeting and lysosome escape. (b) According to nanoparticle tracking analysis (NTA), the
original exosome size was 93 nm. (c) The size was increased to 106 nm on average, after cargo loading and membrane modification, and
transmission electron microscope (TEM) images showed modified exosomes that retained a clustered structure. Reproduced with
permission [90]. Copyright 2020. Ivyspring International Publisher.
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be determined, because an inflamed endothelium with
highly expressed adhesion molecules and inflammation fac-
tors facilitate EV internalization, similar to ICAM-1 and
TNF-α [105]. Additionally, the penetration ability of nano-
EVs such as NPs may be weaker than that of cells under high
fluid interstitial pressure, which impacts the distribution of
EVs in lesions and the drug delivery efficiency afterward.

One addition that should be taken into consideration is
that, to some extent, drugs loaded by cells increased survival
rates, but attention has to be paid that it cannot completely
prevent the regrowth of tumors, although it efficiently slows
tumor recurrence [36].

6.2. Bringing New Issues. The demands of drug-loaded leu-
kocytes were 10 times more than the normal level, which
might evoke side effects in blood and obtain a great number
of cells from patients themselves [106]. Additionally, the
therapeutic effects of leukocytes were dependent on the in
situ inflammatory level—no inflammation signal and no
specificity [36]. Leukocyte-based therapies were further
determined to cause two unique toxicities: cytokine release
syndrome and immune activation syndrome [96], with a risk
of secondary malignancies [68]. The clinical trial data of
FDA-proved anti-CD19 CAR-T cell therapies indicated an
association with B cell malignancies in 50–90% of patients
[96]. Not only did leukocytes have secondary malignancy
risks, but stem cell-based therapy also revealed a tumorige-
nicity possibility [107], which was immune-dependent
[41]. Stem cells even partially contributed to the recruitment
and activation of immune cells to tumor tissues and partially
facilitated metastasis [19].

7. Conclusion

In recent decades, increasing efforts have focused on cell-
driven drug delivery systems in the tumor area. Most of
these were circulatory cells because they had special charac-
teristics that the CAPIR cascade required, but NP-based
DDS alone could not achieve to date, such as inherent bio-
compatibility, long circulation time, active accumulation,
high penetration ability, and immune response activation.
Despite emerging challenges, cell-driven drug delivery sys-
tems have performed well to date in enhancing targeting
delivery efficiency. Clues for resolving the current limitations
of the NP-DDS were encountered and provided the possibil-
ity for the development of precision medicine for cancer
diagnosis and therapy.
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Wound healing and regeneration are a dynamic and complex process that requires a collaborative effort between growth factors,
epidermal cells, dermal cells, extracellular matrix, and vessels local to the wound area. Mesenchymal stem cells participate in the
recruitment site, mainly by releasing secretory factors and matrix proteins to promote wound healing. Stem cell-derived
nanovesicles (CDNs), including microvesicles, exosomes, and exosome mimetics, contain most of the biologically active
substances of their parent cells and have similar effects. CDNs can shuttle various proteins, messenger RNAs, and microRNAs
to regulate the activity of receptor cells, and they play important roles in skin wound healing. This article reviews recent
research progress on CDNs for wound repair. We summarize current knowledge on how CDNs regulate immunity, fibroblast
activity, angiogenesis, and scar formation in the wound healing process. This review can help researchers explore new
treatment strategies to enhance the therapeutic efficacy of CDNs, which have a promising future as naturally cell-free therapies.

1. Introduction

Approximately 100 million people suffer pain or discomfort
from chronic wounds each year. Clinically, chronic wounds
are common in large-area burns, late residual wounds, dia-
betic foot ulcers, venous leg ulcers, and pressure ulcers. The
mildest wound is limited to the epidermis of the skin, while
a more severe wound breaks the skin and subcutaneous tis-
sue, and severe trauma can fracture the muscle, muscle
bonds, and nerves. Wound healing refers to the healing
process after the skin tissue is damaged by external forces
and includes the complex, synergistic combination of tissue

regeneration, granulation tissue hyperplasia, and scar tissue
formation.

The development and application of tissue-engineered
skin for wound healing has made significant progress. Some
skin grafts and skin substitutes have been used clinically;
however, they cannot meet the needs of patients with severe
skin defects. In recent years, many researchers have applied
mesenchymal stem cells (MSCs) as a type of pluripotent
stem cell with self-renewal and multidirectional differentia-
tion capabilities. Extracellular microvesicles (EVs) and exo-
somes (Exo) derived from MSCs are highly enriched in
secreted bioactive factors. MSC-derived nanovesicles have
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been proposed as a new “cell-free” treatment for skin
wounds [1]. Compared with MSCs, cell-derived nanovesicles
(CDNs) have shown not only higher therapeutic efficiency
but also more convenient preparation, storage, transport,
and administration. Moreover, they avoid the risk of
immune rejection and tumorigenesis that come with stem
cell transplantation. Therefore, MSC-derived nanovesicle-
mediated therapy may be safer and more efficient than
MSC-based therapy. Since 2015, many studies have explored
CDNs for skin wound healing [2, 3] (Table 1 and Figure 1).

In this review, the roles of CDNs in skin wound healing
are overviewed. In particular, the important roles of CDNs
in each phase of the wound healing process are described.
The mechanisms of action of CDNs are further discussed.
The use of CDNs in combination with hydrogels for the
treatment of skin wounds is also described.

2. Biological Characteristics of CDNs

Exos, EVs, and Exo mimetics are three types of nanoscale
membrane vesicles that originate from native cells (Figure 2).
Exos are secreted into the extracellular environment by a vari-
ety of cell types and tissues. The membrane surface markers of
Exos mainly include CD9, CD63, CD81, and heat shock pro-
tein 70 (HSP70). Negative staining electron microscopy has
shown that Exos isolated from different body fluids have a
high degree of morphological diversity. Exos are cup-shaped
under transmission electron microscopes, while they have a
round morphology under cryoelectron microscopes. Immu-
nogold labelling of Exos has been used to show the location
of positive proteins (e.g., CD63) on Exos.

The biogenesis of Exos is a strict and refined regulation
process that is divided into 3 stages: (1) deformation and
invagination of the plasma membrane, (2) encapsulation of
intracellular material to form vesicles and gradual fusion of
the plasma membrane to support the formation of multive-
sicular bodies (MVBs), and (3) exocytosis of MVBs to form
Exos. EVs (100–1000 nm in diameter) are secreted by shed-
ding of the plasma membrane or outward budding. Exo
mimetics are a type of nanovesicle with a similar size, mor-
phology, and membrane protein labeling to native Exos.
High-activity Exo analogs can be produced in large quanti-
ties by continuous extrusion.

Most cells and tissues can release CDNs, including
MSCs, oligodendrocytes, B cells, T cells, endothelial cells,
epithelial cells, tumor cells, adipose tissue, and cartilage tis-
sue. CDNs carry DNA, microRNAs (miRNAs), proteins,
cytokines, and membrane lipids from their parent cells,
and they can release, transport, and transfer these molecules
to recipient cells (such as endothelial cells, keratinocytes, and
fibroblasts) to regulate a variety of biological processes,
including inflammation, cellular immunity, cell prolifera-
tion, cell apoptosis, cell migration, and vascularization [4].
The surface of CDNs contains various lipids, including
diglycerides, cholesterol, sphingolipids, and phospholipids,
that maintain their nanostructure. The lipid bilayer mem-
brane structure facilitates delivery of the vesicles to target
cells and protects their protein, cytokine, and RNA cargo
from degradation. In addition, the lipid component includes

signaling molecules that can participate in various cellular
responses. CDNs contain a variety of proteins and genetic
material that play important roles in their therapeutic effects.
In terms of their protein component, CDNs contain proteins
that are involved in angiogenesis and coagulation processes
[5]. Exosomal matrix metalloproteinase (MMP) has been
identified as an important mediator of angiogenesis [6, 7].
Fibroblast growth factor 2 (FGF2), vascular endothelial
growth factor (VEGF), hepatocyte growth factor (HGF),
and platelet-derived growth factor BB (PDGF-BB) have been
identified in Exos and can stimulate angiogenesis [7]. In
addition, tissue factor (TF) from platelets and monocytes
has been detected in EVs, and TF is an important substance
in the exogenous coagulation cascade [8]. Exos derived from
dendritic cells contain major histocompatibility complex
(MHC) class I molecules that can activate the response of
CD8+ T cells, suggesting that EVs may serve as a source of
extracellular antigens to activate immune intervention,
enhance the antibacterial ability of wounds, and ultimately
promote wound healing [9]. In terms of genetic biomole-
cules, a large number of messenger RNAs (mRNAs) and
miRNAs carrying information from the parent cells have
been found in EVs released in cell culture and body fluids.
These genetic molecules are sorted and secreted by CDNs
and then act on target cells to promote a variety of biological
functions, such as angiogenesis and tissue repair. It has
recently been discovered that MSC-derived EVs can mediate
mRNA delivery to regulate the transcription of tissue-
specific mRNAs, indicating that the mRNA present in stem
cell-derived nanoparticles has a regulatory function [10].
Deregibus et al. found that EVs derived from endothelial
progenitor cells activate endothelial cell angiogenesis
through horizontal mRNA transfer [11]. In addition, there
is evidence that EV mRNA can be translated into protein
after being transferred to recipient endothelial cells, which
was shown to activate the phosphoinositide 3 kinase
(PI3K)/protein kinase B (AKT) signaling pathway and accel-
erate angiogenesis [11, 12]. The above studies provide evi-
dence for the roles of EV mRNA and miRNA in the
regulation of biological processes, but further research is still
needed to fully understand the roles of EVs as gene carriers.

CDNs can act on recipient cells in a variety of ways.
Through receptor-ligand interactions, binding of CDNs to
cell surface receptors activates signaling pathways that medi-
ate internalization by endocytosis [13]. CDNs can also be
internalized through phagocytosis, pinocytosis, and micropi-
nocytosis [14]. Their information-rich cargoes are then
transmitted to the target cells to regulate the microenviron-
ment and related protein functions [15].

3. MSC-Derived Nanovesicles in
Wound Healing

MSCs have the potential for multidirectional differentiation,
self-replication, and renewal, and they are often used as seed
cells in the field of tissue regeneration [16]. MSCs can be
obtained from many adult tissues. The most used sources
of MSCs are bone marrow and adipose tissue [17, 18]. They
can also be separated from a range of other tissues, including
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Wharton’s glue, cord blood [19], placenta [20], brain [21],
and synovial fluid [22, 23]. Nearly a dozen studies have con-
firmed that MSCs play a positive role in wound repair. They
participate in the entire process of wound repair and exert a
variety of biological effects. Intradermal injection of MSCs is
a common method that can promote skin damage repair,
but the area and depth of the injection cannot be controlled
and it may also cause additional tissue damage. As injected
MSCs lack adhesion to the extracellular matrix (ECM), they
suffer from poor cell persistence and survival upon engraft-
ment [24]. These problems limit the ultimate therapeutic
potential of MSCs for wound repair.

Compared with MSCs, MSC-derived nanovesicles have
several obvious advantages. First, CDNs can directly fuse
with target cells and exert a strong biological effect. Second,
their cargo is protected from degradation by the lipid bilayer.
Third, the concentration, dosage, and route of administra-
tion of CDNs is more controllable. Fourth, CDN therapy
can avoid the risks of immune rejection and tumor occur-
rence that may be caused by the cell transplant. Therefore,
MSC-derived nanovesicles can be used as an alternative to
MSCs in the future. Researchers have reported applications
of MSC-derived nanovesicles for wound repair in rat and
mouse models since 2015 (Figure 3). In Table 1, we have

Table 1: Overview of research on the use of CDNs for wound healing.

Cell source Wound type Function Reference

LPS-pretreated hUC-MSCs Diabetic cutaneous wound
Suppress inflammation and promote

healing of diabetic wounds
[63]

H2O2-pretreated ADSCs
Skin flap model: ligation of blood

vessels and blood perfusion

Improve the survival rate of animals
with skin flaps; promote neovascularization
and inhibit inflammation and cell apoptosis

[70]

Salidroside-pretreated mouse MSCs Diabetic wound Accelerate reepithelialization and wound closure [71]

Pioglitazone-pretreated BMSCs Diabetic wound Promote angiogenesis and enhance wound repair [72]

Neonatal serum-pretreated BMSCs Skin wound healing model Promote angiogenesis [73]

Melatonin-pretreated hBMSCs Rat diabetic wound healing model Immunosuppressive effects [38]

hUC-MSCs
Scratch assay and human skin

permeation
Accelerate collagen synthesis and cell migration [74]

hUC-MSCs Rat burn injury model
Enhance wound closure and inhibit skin

cell apoptosis
[2]

hUC-MSCs Severe burn
Suppress inflammation and promote

neovascularization
[75]

hUC-MSCs
Rat model of deep second-degree

burn injury
Accelerate angiogenesis [76]

hiPSCs
UV irradiation damage of human

dermal fibroblasts
Ameliorate aging of skin fibroblasts [77]

hiPSC-MSCs Rat skin wound model
Promote collagen synthesis and enhance

angiogenesis
[50]

Menstrual blood-derived MSCs Diabetic foot ulcer
Suppress inflammation and accelerate

wound healing
[78]

Human fibrocytes Genetically diabetic ulcers
Enhance angiogenesis and augment

keratinocyte proliferation and migration
[46]

Platelet-rich plasma Rat diabetic wound model Promote reepithelialization [79]

Platelets Ischemic wound healing
Regulate collagen synthesis and restore

dermal architecture
[80]

Human dermal fibroblasts UVB-induced skin photoaging Reduce skin photoaging and inflammation [81]

Human endothelial progenitor cells Rat diabetic wound model Regulate endothelial function [82]

Human urine-derived stem cells Mouse diabetic wound model
Promote the angiogenic activities of

endothelial cells
[44]

Macrophage-derived Exos Diabetic wound model
Promote endothelial cell proliferation,
angiogenesis, and reepithelialization

[83]

Human amniotic epithelial cells
Rat full-thickness skin

wound model
Stimulate fibroblast proliferation and
migration; decrease scar formation

[55]

Oral mucosal epithelial cells
Rat full-thickness skin

wound model
Proregenerative effects [84]

Abbreviations: ADSC: adipose-derived MSC; BMSC: bone marrow-derived MSC; hiPSC: human-induced pluripotent stem cell; hUC-MSC: human umbilical
cord-derived MSC; LPS: lipopolysaccharide.
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summarized the research on the use of MSC-derived nano-
vesicles for wound healing. The supernatant of cell culture
was used to collect CDNs. Usually, ultracentrifugation was
used for purification of CDNs, but the yield is low. Other

additional purification steps, including size exclusion chro-
matography and sucrose or OptiPrep density gradients
showed better yield and purity. Standardization is essential
for the application of CDNs. Characterization of CDNs
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includes western blotting, liquid chromatography, and mass
spectrometry for proteomic analysis. The size and concen-
tration of exosomes were assessed by nanoparticle tracking
analysis, the morphology was characterized by transmission
electron microscopy, and CDN surface analysis can use the
flow cytometry technique. Standardization of the storage
method of CDN components is also a key step. Storage at
4°C or -20°C will affect the biological activity and protein
content of CDNs. It is generally recommended to store at
-80°C which is the optimal temperature that has the least
effect on the morphology and content of exosomes. We also
used a model with a full-thickness incision wound to prove
that exosomes derived from hBM-MSC can accelerate the
skin wound healing process in vivo (Figure 4).

4. Mechanisms of MSC-Derived Nanovesicles in
Wound Healing

Wound healing is a highly organized multistep process that
restores tissue integrity after injury. It involves interactions
between various cell populations and is usually divided into
four overlapping stages: hemostasis, inflammation, prolifera-
tion, and remodeling [25]. MSC-derived nanovesicles can
regulate wound repair during inflammation, cell migration,
cell proliferation, angiogenesis, collagen production, and
ECM remodeling. At present, CDNs are known to activate
a variety of important signaling cascade pathways related
to the final three stages of wound repair (Figure 5), including
AKT, extracellular signal-regulated kinase (ERK), signal
transducer and activator of transcription 3 (STAT3), and
Wnt/β-catenin [2, 26, 27]. CDNs can also stimulate several

signaling pathways to induce the expression of several
important growth factors related to wound repair, such as
insulin-like growth factor 1 (IGF1), HGF, and stromal cell-
derived factor 1 (SDF1) [27]. These growth factors can pro-
mote angiogenesis, cell migration, cell proliferation, and
reepithelialization.

4.1. CDN Function in Hemostasis. Studies have revealed that
the main therapeutic effect of platelets during bleeding is
dependent on the effect of platelet-derived extracellular ves-
icles [28]. Neonatal plasma exosomes can be enriched in a
large number of proteins involved in platelet function and
primary hemostasis, such as platelet activation and signaling
proteins, integrins αIIb and β3, platelet chemotactic protein
(PF4), filaggrin-A, and ligand receptor (CD36) [29]. The use
of platelet exosomes shows the advantage of the hemostatic
effect over fresh platelets [30]. Platelet exosomes can
improve the outcome of severe trauma by maintaining
hemodynamic stability and reducing the development of
ischemia and metabolic acidosis, which provide a prohemo-
static support for the early wound stage.

4.2. CDN Function in Inflammation. Inflammation is a self-
defense mechanism against wound injury that occurs within
24–48h of ischemia onset. Acute and regulated inflamma-
tion can promote wound healing and epithelial regeneration
[31]. MSC-derived nanovesicles can downregulate proin-
flammatory enzymes, such as inducible nitric oxide synthase
(iNOS) and cyclooxygenase (COX2), as well as secreted
cytokines and chemokines to reduce inflammation during
wound repair [32]. In addition, MSC-derived nanovesicles

Umbilical cord tissue MSCs Adipose derived MSCs 

MSC-exosome

Media

MSCs

Extrusion

Nanovesicle

 Bone marrow MSCs

Figure 3: MSCs derived nanovesicles as a cell-free therapy for wound repair.
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can upregulate the anti-inflammatory cytokine interleukin
10 (IL10), which has been reported to play a vital role in
the control of skin wound inflammation and scar formation
[33]. Macrophages are prominent inflammatory cells that
play an important role in the process of skin regeneration.
MSC-derived nanovesicles can promote the significant
switch of macrophages to the anti-inflammatory M2 pheno-
type [34]. Additionally, MSC-derived Exos rely on the Janus
kinase 2 (JAK2)/STAT6 pathway to mediate macrophage
activation, which can significantly reduce the number of
proinflammatory macrophages [35]. Lipopolysaccharide-
(LPS-) pretreated MSC-derived Exos have been shown to
regulate macrophage polarization and chronic inflamma-
tion. Exo-specific let-7b released by LPS-pretreated MSCs
can stimulate the toll-like receptor 4 (TLR4) pathway,
inhibit inflammation, and promote normal wound healing
[36]. In addition, the immunomodulatory effect of human
umbilical cord-derived MSCs (hUC-MSCs) preactivated
with IL1β is partly caused by Exo-mediated miR-146a trans-
fer [37]. Melatonin-pretreated MSC-derived Exos can

increase M2 polarization relative to M1 polarization by
upregulating the expression of phosphatase and tensin
homolog (PTEN) and inhibiting phosphorylation of AKT,
which can significantly inhibit the proinflammatory factors
IL1β and tumor necrosis factor alpha (TNFα) and increase
the expression of the anti-inflammatory factor IL10. Thus
melatonin-pretreated MSC-derived Exos can significantly
facilitate diabetic wound healing [38]. These findings
provide research directions for enhancing the anti-
inflammatory functions of Exos. MSC-derived Exos can reg-
ulate the activation, differentiation, and proliferation of B
lymphocytes and T lymphocytes. Moreover, MSC-derived
Exos can transform activated T lymphocytes into a T regula-
tory phenotype, thereby exerting an immunosuppressive
effect [39]. Studies have also found that MSC-derived Exos
exert immunomodulatory effects through specific miRNAs.
Three miRNAs (miRNA-21, miRNA-146a, and miRNA-
181c) enriched in hUC-MSC-derived Exos were shown to
be related to specific immune responses and inflammation
regulation [40]. hUC-MSC-derived Exos overloaded with
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Figure 4: The representative photos shown of full-thickness excision wound area of the rat treated with PBS (control) or hBMSCs-Exos.
Reproduced with from Ref. [69]. Copyright 2021 BioMed Central Ltd.
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miR-181c were found to reduce burn-induced inflammation
in rats by downregulating the TLR4 signaling pathway [41].
In general, further research is needed to clarify the specific
molecular mechanisms underlying inflammation inhibition
by MSC-derived nanovesicles during wound healing and
skin regeneration.

4.3. CDN Function in Angiogenesis. Wound angiogenesis is
one of the main mechanisms by which CDNs promote skin
damage repair. Adequate wound blood provides nutrition,
oxygen, and cell migration pathways for the regeneration
of damaged tissues. MSC-derived Exos are rich in various

proteins related to angiogenesis and miRNAs that activate
multiple signaling pathways in endothelial cells. Previous
research showed that MSC-derived nanovesicles contain a
large number of angiogenic factors, such as VEGFA, FGF2,
MMP, lactadherin (MFG-E8), angiopoietin-related protein
1 (ANGPTL1), and thrombopoietin. Recently, Zhang et al.
reported that Exos derived from hUC-MSCs are rich in
WNT4 protein, which can activate the Wnt/β-catenin sig-
naling pathway to promote the reconstruction and regener-
ation of blood vessels after scalding wounds [42]. Exos
derived from human umbilical cord blood-derived endothe-
lial progenitor cells (EPCs) can activate the ERK1/2
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signaling pathway to upregulate the expression of vascular
genes, such as VEGFA, COX2, and FGF2, to promote cuta-
neous wound healing and regeneration [43]. Exos from
human urine-derived stem cells are rich in deleted malig-
nant brain tumor 1 (DMBT1), which has been shown to
induce angiogenesis in cultured endothelial cells and pro-
mote angiogenesis and wound healing in diabetic mice
[44]. In addition, the proangiogenic effect of EPC-derived
Exos in endothelial cells may be partly attributed to inhibi-
tion of the MMP9 expression [45].

Previous studies have found that EVs are also enriched
with a large number of miRNAs that promote angiogenesis.
For example, fibrocyte-derived nanovesicles were found to
be enriched with miRNA-126, miRNA-130a, and miRNA-
132 during wound closure [46]. miR-125a is also enriched
in Exos from adipose-derived MSCs (ADSCs), which were
found to transfer miR-125a to endothelial cells for targeted
knockdown of the angiogenesis inhibitor delta-like canoni-
cal Notch ligand 4 (DLL4) [47]. Additionally, exosomally
transferred miR-21 can act on the target gene PTEN to acti-
vate the downstream mitogen-activated protein kinase
(MAPK)/ERK and PI3K/AKT signaling pathways to pro-
mote vascularization [48].

Studies on the mechanisms of Exos in angiogenesis will
help us better understand various physiological and patho-
logical processes in wound repair. Although some studies
have demonstrated the potential roles of exosomal miRNAs
and protein factors, further research is needed to determine
their overall importance compared to the broader secretory
group and the mechanisms that underlie exosomal transport
of specific cargo. Further research on miRNAs and proteins
transferred from Exos may provide new directions for
enhancing the therapeutic regulation of angiogenesis during
wound healing.

4.4. CDN Function in Cell Proliferation and Migration. Cell
proliferation and skin reepithelialization are essential for
wound healing. Skin fibroblasts play an important role in
the repair and regeneration of damaged tissue. The basic
characteristics of wound proliferation include cell prolifera-
tion, migration of various cell types, and matrix protein syn-
thesis. This stage is also described by the formation of a new
tissue organization. Epithelial cells begin to migrate to the
edge of the injured area, closing the edge of the wound, while
matrix proteins provide an external environment to promote
cell attachment to the scaffold. The synthesis and deposition
of ECM play an important role in this stage. Under certain
cell stimulation conditions, fibroblasts can differentiate into
myofibroblasts, which play an important role in wound
contraction.

MSC-derived Exos can be internalized in vivo and their
contents (such as proteins and RNAs) transferred to receiv-
ing cells to regulate their proliferation and migration. It has
been demonstrated that EVs from a variety of cell sources
can accelerate the proliferation and migration of fibroblasts
and keratinocytes [49]. For example, EVs from ADSCs and
bone marrow-derived MSCs (BMSCs) have been shown to
promote the growth and migration of fibroblasts from
chronic diabetic ulcer wounds in a dose-dependent manner

in vitro [46]. Exos from human-induced pluripotent stem
cell- (hiPSC-) derived MSCs were also shown to promote
the proliferation and migration of human dermal fibroblasts
and epidermal cells in a dose-dependent manner in vitro
[50]. Exos also promote the proliferation of skin cells and
are associated with increased levels of cytokeratin 19
(CK19) and proliferating cell nuclear antigen (PCNA). For
example, Exos derived from hUC-MSCs were shown to
increase the expressions of CK19, PCNA, and collagen I,
which accelerate wound healing and promote epithelial
regeneration [2]. In addition, hUC-MSC-derived EVs were
shown to inhibit the proliferation and apoptosis of keratino-
cytes and dermal fibroblasts by inhibiting the proapoptotic
protein B cell lymphoma 2 (BCL2) and BCL2-like protein
4 (BAX). In a rat model study, it was found that ADSC-
derived Exos can be internalized by fibroblasts, inducing
skin wound repair and fibroblast activity. Results from this
study showed that the gene expressions of N-cadherin,
cyclin 1, PCNA, type I and type III collagen, and elastin were
significantly increased in a dose-dependent manner under
stimulation by ADSC-derived Exos [51]. It has been
reported that the MAPK, Wnt, and mechanistic target of
rapamycin (mTOR) pathways all play important roles in
the process of wound healing. As a special intercellular sig-
naling pathway, Exos have a common molecular mechanism
that regulates the proliferation and migration behavior of
skin cells, rather than skin cell specificity. Exos can induce
important intracellular signaling pathways, including AKT,
STAT3, Wnt, and ERK. These signaling pathways can
upregulate various growth factors in target cells (such as
HGF, IL6, IGF1, and nerve growth factor). For example,
EVs derived from keratinocytes can upregulate the MAP-
K/ERK pathway. hUC-MSC-derived EVs were shown to
activate Wnt/β-catenin in skin cells by transferring WNT4
to promote wound healing in a rat burn model [2]. BMSC-
derived Exos also transport WNT3A to enhance fibroblast
proliferation and migration [52]. Synovial MSC-derived
EVs are enriched in miRNA-126-3p, which regulates the
PI3K/AKT and MAPK/ERK pathways to induce the prolif-
eration and migration of dermal fibroblasts [53].

These common signaling pathways provide the potential
for applications of Exos in other fields of biology and the
treatment of other diseases. Nevertheless, the components
of Exos that play functional roles and the upstream and
downstream phosphorylation regulation mechanisms in
related molecular pathways still need to be investigated.

4.5. CDN Function in Wound Remodeling. ECM remodeling
usually lasts from 2 weeks to one year or more after injury.
The remodeling stage of wound healing is closely related to
the production and reorganization of ECM, which is critical
to scar formation. In the later stage of wound repair, related
effector cells undergo apoptosis, type I collagen is replaced
with type III collagen, MMPs degrade ECM, and other
ECM proteins are synthesized. The key to ECM reconstruc-
tion is the synthesis and degradation of collagen. EVs regu-
late the final stage of wound healing by stimulating the
secretion of ECM. In the early stage of wound healing, Exos
derived from MSCs can increase the amount of collagens I
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and III in the wound bed. However, in the late stages of
chronic wound healing, the effects of EVs shift to inhibition
of collagen expression and fibroblast differentiation into myo-
fibroblasts, which can inhibit scar hyperplasia [54]. EVs from
fibroblasts can stimulate the synthesis of collagen in the matrix
and enhance the deposition of mature collagen fibers in the
wound area [46]. Exos derived from hiPSCs have been
observed to enhance the synthesis of type I and III collagen
in wound sites [50]. Another study showed that Exos from
human amniotic epithelial cells regulate the ratio of collagens
I and III by stimulating the expression of MMP1, which pro-
motes wound healing and inhibits scar formation [55]. Intra-
venous injection of ADSC-derived Exos in full-thickness
dorsal wound model mice was shown to inhibit the expres-
sions of collagens III and I in fibroblasts by increasing the
transforming growth factor beta 1 (TGFβ1)/TGFβ3 ratio,
thereby preventing fibroblast differentiation into myofibro-
blasts and inhibiting the formation of granulation tissue,
which reduced scar formation. In addition, ADSC-derived
Exos were shown to activate the MAPK/ERK pathway in skin
dermal fibroblasts in vitro, increase the ratio of MMP3 to
TIMP1, and promote scarless skin repair by regulating
ECM remodeling [51]. In addition, during skin regeneration,

hUC-MSC-derived Exos effectively promoted the phosphor-
ylation of yes-associated protein (YAP) by transporting the
14-3-3ζ protein, thereby mediating the binding of YAP and
the phosphorylated large tumor suppressor (p-LATS). Phos-
phorylation of YAP also inhibited Wnt/β-catenin signal
transduction, restricting excessive dermal fibroblast expan-
sion and collagen deposition in burn wounds, which played
a key role in improving tissue remodeling and reducing scar
formation [49].

These studies provide strong in vitro and in vivo evi-
dence that MSC-derived Exos play important roles in ECM
remodeling during wound repair, indicating that Exos have
clinical application prospects in tissue wound healing. It is
important to note that the roles of Exos in all stages of
wound healing are complementary. In addition, a larger
range of prospective, blinded, randomized, and placebo-
controlled clinical trials is needed to further verify the safety,
effectiveness, and durability of Exos.

5. Discussion and Conclusion

In the past few decades, numerous studies have used stem
cells and CDNs for wound repair and skin regeneration.

Table 2: Summary of research on immobilized Exos in wound repair.

Exosome Scaffold Model Function Reference

hUC-MSC-derived Exos Pluronic F127 hydrogel
Diabetic full-thickness

skin wound
Accelerate wound closure and
promote tissue regeneration

[85]

pH-responsive Exos Polysaccharide-based dressing
Chronic diabetic

wound
Enhance the angiogenic ability
and sustained release of Exos

[86]

Mouse ADSC-derived
Exos

Pluronic F127 hydrogel,
oxidized hyaluronic acid,

and ε-polylysine

Rat diabetic cutaneous
injury

Sustained release of Exos; promote
angiogenesis, reepithelialization,

neovascularization, and cell proliferation
[87]

ADSC-derived Exos Alginate hydrogel
Full-thickness

excisional wound
Enhance wound closure, reepithelization,
collagen deposition, and angiogenesis

[88]

ADSC-derived Exos Porous cryogels
Diabetic and infectious

wound

Accelerate wound closure, promote
collagen deposition, increase

reepithelialization and neovascularization,
and decrease oxidative stress

[79]

hUC-MSC-derived Exos Hydromatrix Skin wound healing
Inhibit myofibroblast formation

and reduce scar formation
[89]

hUC-MSC-derived Exos Genipin-crosslinked hydrogel Rat cutaneous wound
Reduce inflammation, promote wound

closure, accelerate epithelial regeneration,
and increase collagen deposition

[90]

Gingival MSC-derived
Exos

Chitosan/silk-based hydrogel Rat diabetic wound
Promote reepithelialization, deposition

and remodeling of collagen,
angiogenesis, and skin wound healing

[89]

BMSC-derived Exos Electrospun fibrous scaffolds
Full-thickness
skin wound

Synergistic immunomodulatory functions
toward skin wound repair

[58]

ADSC-derived Exos
Pluronic F127 hydrogel,

oxidized hyaluronic acid, and
ε-polylysine

Diabetic full-thickness
cutaneous wound

Sustained release of Exos; promote
neovascularization, accelerate the
formation of granulation tissue,
and enhance reepithelialization

and collagen remodeling

[91]

Placental MSC-derived
Exos

Aldehyde methylcellulose–
chitosan-g-PEG hydrogel

Full-thickness
skin defect

Synergistically promote angiogenesis
and inhibit cell apoptosis; promote the
function of hair follicles and glands

[92]

Abbreviations: ADSC: adipose-derived MSC; BMSC: bone marrow-derived MSC; hUC-MSC: human umbilical cord-derived MSC; PEG: polyethylene glycol.
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Exo-based therapies are becoming a promising technology
that can promote wound healing and minimize scar
formation. As cell-free therapies, Exos have many advan-
tages, such as ease of preparation, storage, transport, and
administration. They also have demonstrated high therapeu-
tic efficiency without risk of immune rejection and tumor
development. MSC-derived Exos have significant wound
regeneration potential and can effectively replace MSC-
based therapies. The processes in each stage of wound repair
are usually carried out in a precise and programmed manner
involving a variety of intracellular and extracellular path-
ways, inflammatory pathways, the immune system, the coag-
ulation cascade, and other complex processes. Thus, the
participation of Exos in wound healing is very complicated.
Further studies on the content and function of Exos can
reveal the molecular mechanisms involved in wound repair
and provide sufficient knowledge for the application of
cell-free therapies for regenerative medicine. Currently, most
of the mechanisms discovered have been studied in rodent
models. However, animal physiology cannot always be
translated to humans. Therefore, further clinical trials using
human cell-derived Exos are needed to clearly demonstrate
the therapeutic potential of Exos for wound healing.

Therapeutic applications of Exos are limited by their
rapid clearance, short half-lives, and difficult large-scale
preparation. Loading Exos into a supporting scaffold can
prevent them from being quickly removed from the wound
area. Additionally, synergies between Exos and scaffolds
have been found that effectively promote wound repair [56,
57]. We have highlighted those studies that utilize Exos
loaded in bioactive scaffolds to promote wound healing in
Table 2. The application of CDNs in scaffold materials is still
at an early stage. Studying the immune response of CDN-
laden scaffolds in wound repair is a long-standing topic for
the development of biocompatible biomaterial. The develop-
ment of the active composition of CDN-laden scaffolds that
appropriately interact with the immune system is facing a
huge challenge. Studies have found that immune cells can
absorb exosomes from the scaffold with more priority, which
means that the body’s immune response is important in tis-
sue response [58].

Although CDNs have great advantages, they do not have
the ability to target diseased organs after systemic injection,
so that CDNs need multiple injections to achieve a certain
therapeutic effect. In order to improve the targeting effi-
ciency of CDNs to diseased organs, we have genetically engi-
neered exosomes to improve the efficiency of targeted
delivery for cartilage tissue repair [59–61]. These strategies
can also be used to modify stem cells to obtain targeted stem
cell-derived nanovesicles.

Although nanovesicles derived from different cell
sources have different potentials, their physical and biologi-
cal functions show high consistency. However, generation of
CDNs is closely related to the microenvironment. Recent
studies have also shown that the inflammatory microenvi-
ronment can significantly increase Exo release from MSCs.
Interferon gamma (IFNγ) can enhance the immunomodula-
tory activity of hUC-MSC-derived Exos [62]. LPS pretreat-
ment of hUC-MSCs was found to significantly alter Exo

secretion, and Exos from pretreated cells were rich in the
miRNA let-7b, which alleviated inflammation and enhanced
wound healing [63]. Furthermore, other studies have shown
that under a 1–2% hypoxic environment, TNFα-pretreated
3D culture systems have significantly altered MSC paracrine
factor compositions. Therefore, the release and composition
of CDNs can be adjusted by changing the cell culture micro-
environment to enhance their wound repair functions. In
addition, Exos can be loaded with therapeutic small mole-
cule drugs or gene drugs to enhance their effects [64–66].

For extensive clinical application of Exos, there are still
some urgent problems that need to be solved. At present,
the extraction and purification of Exos is relatively cumber-
some. It is not possible to quickly isolate the number of Exos
required to meet clinical needs. There also is a lack of stan-
dardized methods for identifying Exos from specific cell
sources, and proteomic detection and analysis of Exos are
currently not available. Most importantly, the clinical imple-
mentation of any therapy must be based on safety. Further
research is needed to determine the effective Exo dose for
specific applications. Since research in the field of Exos is
still in its infancy, the biological safety, effectiveness, repro-
ducibility, production potential, formation mechanism, and
biological functions of Exos that contribute to wound heal-
ing are still unclear. Despite the current challenges, the use
of Exos for wound treatment is promising and inspiring.
At present, more and more clinical treatment trials for
CDNs are also underway, including for cancer, neurodegen-
eration, and infectious diseases. Stem cells are the main
source for therapeutic CDNs, especially for regenerative
medicine and immunomodulation. The phase I trial
(NCT02138331), led by Nassar et al., uses CDNs derived
from hUC-MSCs to ameliorate inflammatory immune reac-
tions in chronic kidney diseases [67]. Previous clinical trials
(NCT04276987, NCT04313647) used the immunomodula-
tory effects of CDNs from ADSCs for the treatment of lung
injury [68]. Ongoing phase I clinical trials for the treatment
of cutaneous wound healing use autologous exosomes from
the participants’ own plasma (NCT02565264). We highly
expect that more exciting applications of Exos in clinical
practice will emerge in the near future.
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The spatial organization of the nucleus is a key determinant in all genome activities. However, the accurate measurement of the
nuclear organization is still technically challenging. Here, the technology NucQuant we created previously was utilized to detect
the variation of the nuclear organization, including the heterogeneity of the nuclear geometry, the change of the NPC distribution
along different cell cycle stages during interphase, and the organization of the nucleolus. The results confirmed that not only the
growth rate and the NPC distribution are influenced by the carbon source; the nuclear shape is also impacted by the carbon
source. The nuclei lost their spherical geometry gradually when the cell was cultured from the most to a less favorable carbon
source. We also discovered that the nucleolus prefers to locate at the nuclear periphery, which was called the “genes poor
region,” especially when the cells entered quiescence. Furthermore, the distribution of the NPC along the different stages
during the interphase was analyzed. We proposed that with the growth of the cell, the nucleus would grow from the surface of
the NE flanking the nucleolus firstly.

1. Introduction

Chromosome spatial organization plays a key role in transcrip-
tional regulation, DNA repair, and replication [1]. In eukaryotic
cells in interphase, the chromosomes are segregated away from
the cytoplasm by the nuclear envelope (NE). How do chromo-
somes organize in the eukaryotic nucleus is still an open ques-
tion. In budding yeast, NE remains closed during the entire
cell cycle, including mitosis. Past researches have uncovered
few structural features characterizing the budding yeast nucleus
in interphase: the spindle pole body (SPB), centromeres (CEN),
telomeres (TEL), and nucleolus. In interphase, the nucleolus is
organized in a crescent-shaped structure adjacent to the NE
and contains quasiexclusively genes coding ribosomal RNA
(rDNA) present on the right arm of chromosome XII. The
genome structure and the nucleolar organization are intimately
connected owing to the efficiency of rDNA transcription that
plays an important role in the nucleolar organization [2].
Diametrically opposed to the nucleolus, the SPB tethers the

CEN during the entire cell cycle via microtubules to the
centromere-bound kinetochore complex [3–6]. TEL are local-
ized in clusters at the NE [7, 8]. Consequently, chromosome
arms extend outwards from CEN to the nuclear periphery,
defining a Rabl-like conformation [9, 10]. Nuclear pore com-
plexes (NPCs) are embedded in the envelope to control the
nucleocytoplasmic transport ofmolecules [11]. Besides, compo-
nents of the NPCs have been proposed to play a key role in the
chromatin organization [12]. The NPC components, Nups, are
connected to the chromosomes and regulate the expression of
certain genes [13–16]. Therefore, the distribution of the NPCs
on NE and the nucleolus organization need to be precisely
defined to accurately explore eukaryotic nuclear organization.

The nucleus in budding yeast in interphase is always
described as a sphere of radius ~1μm. However, the nuclear
shape and size in vivo are dynamic [17]. Along the cell cycle,
the nucleus adopts different morphologies and sizes. In the
G1/S phase (or interphase), the nucleus is often described as
a sphere; this structure is clearly established when yeast is
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growing in rich medium containing glucose [18]. Differential
interference contrast (DIC) microscopy research indicated
that the nucleus is more or less spherical [19]. Transmission
Electron Microscopy (TEM) analysis of ultrathin (60-80nm)
sections of an entire nucleus showed that the yeast nucleus
in interphase undergoes a twofold increase in volume from
G1 to S phase [20]. The “Nucloc” program created by Berger
et al. to analyze the “genes territories” in the nucleus fits the
NE through spherical simulation based on the detection of
labeled NPCs; the results of this approach showed that the
median budding yeast nucleus in interphase can be approxi-
mated as a sphere of ~1μm radius [17]. However, the approx-
imation of the yeast nucleus as a sphere is oversimplified, the
nuclear shape being dynamic along the cell cycle and in differ-
ent conditions [21]. Additionally, due to the existence of the
aberration along the Z axis, the spherical fitting of the nucleus
in interphase is not precise [22].

Accurate determination of the nuclear organization
using fluorescence microscopy is technically challenging
[23, 24]. The fit of the NE position is still controversial
because of the resolution barrier in fluorescent microscopy:
200nm in X-Y and about 500nm in Z axis [25]. In budding
yeast, fluorescent-labeled NPCs appear as typical punctate
rings staining the NE which can perfectly be used to recon-
struct the NE structure in 3D [20, 23]. Here, we used “Nuc-
Quant,” an optimized automated image analysis algorithm
we developed in our previous work [22], which can auto-
matically localize fluorescently labeled NPCs and correct
the detection bias resulting from optical spherical aberra-
tion along the Z axis to accurately compute an approxima-
tion of the NE in 3D. In addition, it also can detect the
structure of the labeled nucleolus. This approach allowed
us to precisely measure the heterogeneity of the nuclear
shape and the NPC distribution along interphase. Based
on this technology we could evaluate the nucleolus struc-
ture and organization in interphase. We also detected the
change of the NPC distribution along the NE correlated
with the cell cycle stage.

2. Materials and Methods

2.1. Yeast Strains. Genotypes of the strains used in this study
are described in Table 1.

2.2. Fluorescence Microscopy of Living Yeast Cells

2.2.1. Cell Culture. Yeast media were used as previously
described [22]. The Yeast Extract Peptone Dextrose Medium
(YPD) is made of 1% yeast extract, 2% peptone, and 2%
dextrose. Synthetic complete media (SC) is made of 0.67%
nitrogen base w/o amino acids (BD Difco, USA), 2%
dextrose supplemented with amino acid mixture (AA mix-
ture Bio101, USA), adenine, and uracil. Cells were grown
overnight at 30°C in the Yeast Extract Peptone (YP) media
containing 2% carbon source, cells were diluted at 106

cells/mL in rich glucose, galactose, or raffinose containing
media. Cells were harvested when OD600 reached 4 × 106
cells/mL and rinsed twice with the corresponding SC media.
Cells were spread on slides coated with corresponding SC

patch containing 2% agar and 2% of corresponding carbon
source. Cover slides were sealed with “VaLaP” (1/3 vaseline,
1/3 lanoline, and 1/3 paraffin). For short time starvation
experiments, when OD600 reached 4 × 106 cells/mL, cell
culture was washed twice with YP media, resuspended at
OD600 = 4 × 106 cells/mL in YP (15%) media, and incubated
for 2 hours at 30°C. For 7 days of progressive starvation
experiments, we used YP containing 2% glucose media to
culture the cells for 7 days.

2.2.2. Confocal Microscope Image Acquisition. Confocal
microscopy was performed as previously described [26].
Confocal microscopy was limited to 20min after mounting
and performed with an Andor Revolution Nipkow-disk
confocal system installed on an Olympus IX-81, featuring a
CSU22 confocal spinning disk unit (Yokogawa) and an
EMCCD camera (DU 888, Andor). The system was con-
trolled using the mode “Revolution FAST” of Andor Revolu-
tion IQ1 software (Andor). Images were acquired using an
Olympus 100x objective (Plan APO, 1.4 NA, oil immersion).
Single laser lines used for excitation were diode-pumped
solid-state lasers (DPSSL) exciting GFP fluorescence at
488 nm (50mW, Coherent) and mCherry fluorescence at
561 nm (50mW, Cobolt Jive). A Semrock bibandpass emis-
sion filter (Em01-R488/568-15) allowed the collection of
green and red fluorescence. Pixel size was 65nm. For 3D
analysis, Z-stacks of 41 images with a 250nm Z-step were
used. For microfluidic experiments, the fluorescence images
can be acquired for more than 2 hours.

2.3. Image Analysis. Confocal images were processed and
analyzed with a Matlab script NucQuant, the modified
version of “Nucloc” combined with the correction of the
aberration along the Z axis, which is available to download
at GitHub (https://github.com/ogadal/nucquant). The
nuclear shape was fitted by the 3D-NE model, and the
cumulative distribution functions (CDF) of the sphericity
of the NE were generated using the existing function in the
NucQuant. The probability density distribution of detected
NPCs along NE was generated using the existing function
(Matlab). To calculate the position of the nucleolus relative
to the NE, here, we modified the NucQuant algorithm about
the detection of the nucleolus. All pixels of the nucleolus
were detected and then corrected Z-aberration based on
the NPC position of one perfect spherical nucleus. Schema-
tical of NucQuant is presented in Figure S1.

3. Results and Discussion

3.1. Heterogeneity of the Nuclear Shape in the Cell
Population. The cell nucleus is typically spheroidal or ellip-
soid [17, 18]. However, the nuclear shape has high plasticity:
in the same strain, the nuclei also have different shapes from
cell to cell [27]. To study the heterogeneity of the nuclear
shape in the interphase of one cell population, we utilized
NucQuant to determine the NE with a 3D-NE model and
measured the sphericity of each cell nucleus. Sphericity is
one criterion to reflect how round an object is. The spheric-
ity of a given object is the ratio between the surface area of a

2 Stem Cells International

https://github.com/ogadal/nucquant


RE
TR
AC
TE
Dsphere which would have the same volume as that object to

the surface area of the object [28]. For one perfect sphere, the
sphericity index equals 1 and is maximal. A sphericity index
lower than 1 indicates deviation from a perfect sphere. For
one ellipsoid, the sphericity is ~0.92 when a : b : c = 1 : 1 : 2
(Figure 1(a)). The sphericity of the yeast nucleus was tested
when the carbon source was changed from the most favor-
able to the less favorable carbon source. We confirmed that
most of the nuclei in the interphase were close to spherical
(the median sphericity is over 0.99). However, about 20% of
the nuclei are rather ellipsoidal (sphericity below 0.95)
(Figure 1(b); the samples are presented in Figure 1(d)). We
also found that when the carbon source was changed to the
less favorable carbon source ethanol, the sphericity clearly
decreased compared with the favorable carbon source
(Figure 1(b)). Consider the ~twofold reduction of the nuclear
volume when changing from the most to a less favorable car-
bon source [22], we proposed that, when the carbon source
changed from the most to a less favorable carbon source,
the nuclear volume decreased anisotropic, which resulted in
the nuclear shape tends to much more nonspherical. Actu-
ally, after the cells entered quiescence, ~70% nuclear lost their
sphericity. So, we also explored the heterogeneity of the
nuclear shape after the cells entered quiescence. The results
clearly showed that after 7 days of starvation, most of the
nuclei lost their sphericity (Figure 1(c)). We supposed that
the nuclei will anisotropically shrink, which leads to most
of the nuclei lost their spherical geometry, to control the
limited consumption when the cells entered quiescence.

3.2. Heterogeneity of NPC Distribution in Different
Interphase Stages. NPC probability density map reflects the
distribution of the NPC clusters along the nuclear envelope
(NE). In this research, to assess the NPC distribution along
the interphase, we sorted nuclei in G1, S, and G2. During
interphase, nuclear volume is continuously increasing, from
G1 to G2 [29]. This property has an implication: the closer
the cell is from the G1 stage, the smaller is the nucleus.
Therefore, we sorted nuclei according to their volume: the
small newborn G1 nuclei and the mother nuclei in the G1
phase, the middle nuclei in the late G1 phase and S phase,
and the bigger nuclei in the late S phase and early G2 phase.
The NPC distribution in small, middle, and big nuclei of
cells grown on different carbon sources was analyzed with
“NucQuant.” The results interestingly showed that the
NPC distribution varied along the interphase stages, the
NPCs gradually moved away from the NE flanking the
nucleolus in interphase (Figure 2). In addition, it was also
obvious that the NE elongated along the nucleolus direction
with the cells growing.

The mechanism of the NPCs concentrated around the
nucleolus for the small nuclei are still unclear. There is
more and more evidence proving that in most mutants

altering the nuclear shape, the NE preferentially elongates
at the nucleolar side [30–33]. The nucleolus contacts
extensively with the NE. NE flanking the nucleolus has
very specific properties [32]. Previous research suggested
that these specialized properties can prompt the transfer
of the nucleolar materials to the cytoplasm without pass-
ing through the nucleoplasm [34]. We would prefer to link
these properties to the cell cycle. After cell division, in the
small nuclei, we can observe the NPCs are concentrated at
the NE flanking the nucleolus. This might be a consequence
of mitosis, with the hourglass shape and the nucleolus being
the last nuclear domain to segregate. In the late G1, S, and
G2 phases, the surface of the nucleus is increased from the
NE flanking the nucleolus [35]. Thus, the NPCs at this site
are gradually shifted away from the nucleolus. In addition,
because of the increase of the nuclear surface, the distance
between clustered NPCs increased which allows the localiza-
tion microscopy to distinguish the close NPCs; this is also
why we can detect more NPC from the big nuclei.

3.3. The Organization of the Nucleolus. The budding yeast
has 100-200 ribosomal DNA (rDNA) units tandemly located
on chromosome XII which is confined in the nucleolus.
Only half of the rDNA copies are actively transcribed in S.
cerevisiae [36]. Quantifying the intranuclear position of the
nucleolus is essential for studying the spatial conformation
of chromosomes. In budding yeast, the nucleolus contacts
extensively with the nuclear envelope (NE) (Figure 3(a)).
The research on the nuclear periphery, which was always
seen as the silenced region, is significant to help us to under-
stand the relation between chromosome organization and
transcription activity. By using “NucQuant,” the peripheral
location of the nucleolus in 3D could be accurately explored.

Our previous work has shown that the growth of cells
was stopped and the nucleolar size decreased after the cells
enter quiescence [22]. We were wondering if this change in
the nucleolar size impacts its localization with respect to
the nuclear periphery. To answer this question, we calcu-
lated the fraction of the nucleolus located at the nuclear
periphery. We defined periphery as 1/3 of the nuclear
volume uniformly distributed along the NE. The nucleolar
periphery percentage is the proportion of the nucleolus at
the nuclear periphery. It is clear that with such definition,
the nucleolus was not restricted to the peripheral region: in
asynchronous cells, we measured a median of ~60% of the
nucleolus located at the nuclear periphery. After cells
entered quiescence, the percentage of the nucleolus at the
nuclear periphery is massively increased (Figure 3(b)). We
proposed that the transcription of the rDNA was repressed;
more rDNA units would be organized to the periphery
region which caused the peripheral localization of the nucle-
olus, when the cells entered quiescence.

Table 1: Genotypes of strain used in this study.

Name Genotype

ycnod99-1a MATa His3-Δ1, leu2-Δ0, C, ura3-Δ0, ade2-801, lys2-801, lys2D::KAN-MX, nup49-Δ::HPH-MX6+ pASZ11-NupNop
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Figure 1: The heterogeneity of the nuclear shape in the cell population. (a) The sphericity of the perfect sphere (sphericity = 1) and the
ellipsoid (sphericity = 0:92). (b) The change of the nuclear geometry in cell population cultured by different carbon sources, the
sphericity of the nuclei decreases when the carbon source changed from the most favorable to the less favorable. (c) The distribution of
the nuclear geometry after the cell population enters quiescence. (d) Two typical examples of the nucleus with different geometry in vivo,
small blue spheres represent the detected NPC clusters.
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Figure 2: The variety of the NPC distribution along the NE according to carbon sources. The NPC probability density maps based on analysis
of asynchronous cells cultured with glucose (a), galactose (b), and raffinose (c). The small-sized nuclei are composed of the newborn nuclei
and the mother nuclei in the G1 phase; the middle-sized nuclei consist of the nucleus in the later G1 phase and S phase. The nuclei in the later
S phase and early G2 phase constitute the bigger-sized nuclei. The dashed yellow circle represents the nuclear envelope determined according
to the “NucQuant” technology; the red curve represents the median nucleolus contour; the red small circle represents the median nucleolar
centroid; N represents the number of the NPC clusters used to generate the cumulative percentage maps.
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4. Conclusion

In this study, the heterogeneity of the nuclear organization,
including the nuclear geometry, the distribution of the
NPC along the NE, and the nucleolus organization, was suc-
cessfully determined through the “NucQuant” technology.
The nuclear would shrink anisotropically to control the lim-
ited consumption of the cell, which resulted in the nuclei lost
their sphericity, when the carbon source changed from the
most to a less favorable. Moreover, the NE increased from
the surface of the NE flanking the nucleolus with the grow-
ing of the nuclear, which caused the variety of the NPC dis-
tribution along the NE close to the nucleolus. Furthermore,
accompanying the shrink of the nucleus, the nucleolus also
reorganized to the periphery region since the transcription
of the rDNA was repressed.
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Figure 3: The change of the nucleolar organization after the cell population enters quiescence. (a) Schematic of the nucleus, nucleolus, and
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ZnS materials have been widely used in fluorescence biosensors to characterize different types of stem cells due to their excellent
fluorescence effect. In this study, ZnS was prepared by vulcanizing nano-Zn particles synthesized using a DC arc plasma. The
composition and structure of the ZnS materials were studied by X-ray diffraction (XRD), and their functional group
information and optical properties were investigated by using IR spectrophotometry and UV-vis spectrophotometry. It has been
found that the synthesized materials consist of Zn, cubic ZnS, and hexagonal ZnS according to the vulcanization parameters.
Crystalline ZnS was gradually transformed from a cubic to a hexagonal structure, and the cycling properties first increase, then
decrease with increasing sulfurization temperature. There is an optimal curing temperature giving the best cycling performance
and specific capacity: the material sulfurized thereat mainly consists of cubic β-ZnS phase with a small quantity of Zn and
hexagonal α-ZnS. The cubic phase ZnS has better conductivity than hexagonal ZnS, as evinced by electrochemical impedance
spectroscopy (EIS). The ZnS (as prepared) shows board absorption, which can be used in fluorescence biosensors in cell
imaging systems.

1. Introduction

Fluorescence biosensors are used in qualitative or quantita-
tive analysis by fluorescence enhancement, quenching, or
shift of emission wavelength by fluorescence signals; they
are used for cell imaging, so organic fluorescent dyes have
been developed, including fluorescein, rhodamine, and
coumarin. [1, 2] Compared with these traditional organic
fluorescent dyes, ZnS nanomaterials, as important II-VI
compound semiconductors, have attracted much attention.
Its band gap at room temperature is 3.66 eV, resulting in
excellent fluorescence and electroluminescence function,
making it a good fluorescent host material.

ZnS quantum dots (QDs) have been developed as prom-
ising materials for different uses in devices such as chemical
sensors [3], in antibacterial applications, [4] and biological
imaging and diagnosis [5–9]. Furthermore, ZnS nanomater-
ials can be thought of as candidate anode materials of

lithium-ion batteries, replacing graphite carbon materials
[10]. The performance of lithium-ion batteries depends
largely on anode materials [11, 12]. The anode performance,
moreover, will deteriorate due to the large volume changes
before and after lithium intercalation. Solvothermal synthe-
sis and microwave synthesis are the main methods used to
prepare ZnS [13–17]. As a solution, carbon-coated ZnS has
been prepared by the solvothermal method in recent years
[18]. To prepare ZnS with excellent performance, the new
synthetic methods at low cost, with high yield, good sta-
bility, and effective elimination of surface defects need to
be explored.

In the present work, a simple and low-cost method was
used to synthesize ZnS nanomaterials. Firstly, Zn powders
were prepared by DC arc plasma and then vulcanized to
form ZnS [19]. The advantage therein is that the degree of
vulcanizing and the structure of ZnS can be controlled by
altering various vulcanizing parameters. Whether it is used
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as a fluorescent probe or anode material, we are trying to
obtain high-performance ZnS materials in terms of their
optical and electrochemical properties. The electrochemical
properties can be improved and are superior to those of pure
Zn or ZnS materials [20].

2. Experiments

In a DC arc-discharge plasma evaporation system, the arc
was maintained between the bulk Zn (99.99%) anode and
the W cathode for 5min at a current of about 50A using
argon at 0.03MPa and hydrogen at 0.01MPa as the carrier
gas. After cooling for 120min and then allowing inflow of
air at 0.025MPa to deactivate the system for 12 h, the
vacuum chamber was opened to collect the resulting Zn
powder. The uniform mixture of precursors and sublimated
sulfur in the ratio of 1 : 1 was put in a closed reactor located
at the flat-temperature zone of a tube-type vacuum furnace.
The mixture was heated at 200, 250, 300, and 350°C, respec-
tively, at a rate of 10°C/min, then maintained thereat for 2 h.
After cooling to room temperature in the furnace, the reac-
tant was dispersed in a porcelain boat and reheated to
200°C for 2 h to remove the remaining sulfur. Finally, the
ZnS powders were obtained.

SEM and energy-dispersive X-ray spectrometry (EDX)
were used to assess the surface morphology and composition
of the ZnS powders (FEI inspect F50). The structure of the
ZnS materials was characterized by an XRD-6000 diffrac-
tometer with a scanning rate of 4°/min. Functional group
information was acquired from Fourier-transform infrared
spectroscopy (FTIR, Prestige-21). The optical absorbance
was measured on a UV-vis spectrophotometer (SHI-
MADZU UV-2600i). The electrochemical performance was
evaluated using CR2025 coin-type half cells. The anode
active material was mixed with conductive additive (Ketjen
black) and binder (poly(acrylic acid) (PAA)) in a mass ratio
of 8 : 1 : 1. A homogeneous slurry was formed by stirring and
dissolving an appropriate amount of deionized water in the
mixture. The slurry was uniformly coated onto a copper foil
current collector. After drying at 70°C for 12h and suppress-
ing the reaction, an electrode disk (14mm in diameter) was
obtained with a mass loading of 0.8mg/cm2. The CR2025

button cells were assembled in an argon-filled glovebox
using lithium metal as counter electrode. The separator
and electrolyte were a microporous polypropylene film and
1M LiPF6 solution in ethylene carbonate (EC)/diethyl car-
bonate (DEC) (1 : 1 by volume), respectively. The galvano-
static charge-discharge and rate capability were carried out
using a Land CT2001A testing system in a voltage window
of 0.01–3V vs. Li/Li+. The cyclic voltammogram (CV)
curves were obtained using a CHI660E electrochemical
workstation at a scanning rate of 0.1mVs–1 between 0.01
and 3V. The electrochemical impedance spectroscopy
(EIS) analysis was conducted over the frequency range from
0.01 to 100 kHz at an amplitude of 0.5mV.

3. Results and Discussion

The morphology of the ZnS powders was examined using an
SEM, as shown in Figure 1. It was observed that powders
with different sizes and irregular shapes consisted of smaller
particles (<100nm) and nanosheets (~200 nm) indicated by
boxes in Figure 1(a). The EDX spectra evinced the chemical
composition of the synthesized powders as mainly com-
posed of zinc and sulfur (Figure 1(b)).

The XRD spectra of the ZnS materials under various sul-
furization temperatures are shown in Figure 2. It was found
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Figure 1: (a) SEM image of the ZnS materials at the sulfurization temperature of 350°C and (b) the corresponding EDX spectra.
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that there were three phases of Zn, β-ZnS, and α-ZnS in the
vulcanization products. Diffraction peaks located at 36.1°,
38.9°, and 43.1° are assigned to the (002), (010), and (011)
planes of Zn, at 28.6°, 47.5°, and 56.3° to (111), (220), and
(101) of cubic β-ZnS, and at 26.9°, 28.5°, and 30.6° to
(100), (002), and (011) of hexagonal α-ZnS, respectively.

The intensity of Zn diffraction peaks gradually decreased
with increasing sulfurization temperature and the Zn diffrac-
tion peak disappeared at about 350°C. Moreover, cubic β-
ZnS had begun to form at 200°C. The main product was
cubic β-ZnS between 250 and 300°C: this became hexagonal
α-ZnS at 350°C. It is noteworthy that the phase transforma-
tion temperature from β-ZnS to α-ZnS was greater than
1000°C [12], which indicates that the high surface energy
of the Zn nanoparticles plays an important role in the sulfur-
ization process [21].

In the FTIR spectra of the ZnS materials at different
sulfurization temperatures as shown in Figure 3(a), the
absorption peaks occur at about 3462 cm-1 and 1637 cm-1,
which can be ascribed to the stretching and bending vibra-
tion of the O-H and H-O-H bands from external surface
water molecules, respectively. [22, 23] Another absorption
peak appears at 604 cm-1 when the sulfurization temperature
increases from 200°C to 300°C. The characteristic vibration
of ZnS was observed at 669 or 642 cm-1, which was con-
firmed in Ref.[23, 24] However, with increasing the sulfuri-
zation temperature to 350°C, the sharper peak located at
1385 cm-1 could be indexed to the stretching vibration of
C-O-C bonds. [22] In this study, the excellent optical char-

acteristics of ZnS nanoparticles were observed by absorption
spectra. The UV absorption spectrum of ZnS at the sulfuri-
zation temperature of 350°C is shown in Figure 3(b): ZnS
nanoparticles had a wider range of absorption and show a
peak corresponding to 1s-1s electronic transitions therein
[22]. The absorption peak position of ZnS was 313nm, but
the maximum absorbance cut-off wavelength was observed
at about 500nm (albeit weak).

At a constant current density of 0.5A/g, the charge/
discharge tests of the cells assembled from the ZnS mate-
rials prepared at various sulfurization temperatures were
conducted (Table 1). With increasing sulfurization temper-
ature, the first discharge capacity increases from 527.8 to
1052.0mAh/g and first charge capacity from 405.3 to
511.6mAh/g. Unexceptionally, the capacity of all such cells
decreases with increased cycling. The discharge capacity
retention ratio after 300 cycles increases slowly with
increasing sulfurization temperature, reaching a maximum
of 23.1% at 300°C, and then falling to 9.2%. Under same
conditions, the discharge capacity retention ratio of the
pure Zn is only 15.4% after 100 cycles: the cycling perfor-
mance of the Zn/ZnS composites is superior to that of Zn
or ZnS. Two main reasons for this are the volumetric
expansion of the ZnS materials and the shuttle effects of
the elemental S therein; moreover, these two reasons act
in mutual opposition. The first factor dominates under
lower sulfurization, and the second at higher degrees of
vulcanizing, which leads to the existence of an optimal
cycle performance.
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Figure 3: (a) FTIR spectra of ZnS and (b) UV spectrum of ZnS at 350°C.

Table 1: Cycle performance of Zn/ZnS materials prepared at various sulfurization temperatures.

Temperature (°C)
First discharge capacity

(mAh/g)
First charge capacity

(mAh/g)
Discharge capacity after
300 cycles (mAh/g)

Retention ratio after
300 cycles (%)

25 (pure Zn) 527.8 405.3 <81.3 <15.4
200 627.4 305.1 99.6 16.0

250 894.8 407.6 156.3 17.5

300 998.8 465.2 230.3 23.1

350 1052.0 511.6 96.7 9.2
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The rate capability of the ZnS materials was measured in
a range of charge/discharge current density 0.1-1.0A/g. As
shown in Figure 4(a), the current density was changed every
five cycles. The average specific capacity on each stage for
different samples is illustrated in Figure 4(b): the rate
capability of samples presents stepped characteristics. The
capability can recover if the current density returns from
1.0A/g to 0.1A/g. This means that this loss of capacity is
reversible, and there is a maximum capability in the tested
range of charge/discharge current density at a sulfurization
temperature of 300°C.

To further reveal the relationship of the composition of
different phases with the electrochemical performance, EIS

is applied to specimens in the initial state (Figure 5). The
larger the diameter of the semicircle, the more difficult the
migration of the lithium ion at the interface. The shallower
the slope, the greater the barrier to lithium-ion diffusion
inside the electrodes [25]. As shown in Figure 5(a), the
diameter increases and the slope for specimens of pure Zn
decreases with increased cycling, suggesting that it is more
difficult for lithium ions both to enter the electrode and to
migrate within.

The equivalent circuit (inset, Figure 4(b)) matches that in
an actual battery because the corresponding fitting curves are
completely consistent with those measured. This is attribut-
able to the influences of the sulfurization temperature on the

200

200

400

400

600

600

1200

1200

1000

1000

800

800

0

0

−
Z”

/o
hm

Z’/ohm
1st
3rd

(a)

350 °C

Fit300 °C

250 °C

200 °C

650

650

600

600500

500

550

550

450

450400

400

350

350

300

300
250

250

200

200150

150

100

100

50

50

0

0

−
Z”

/o
hm

Z’/ohm

Equivalent analog circuit

Electrode/Electrolyte interface

CPE1

W1R2

R1

0

(b)
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composition and phase of the ZnSmaterials.When vulcanized
at 250°C and 300°C, the slope of the linear portion of the
sample is greater, which is due to a higher cubic β-ZnS con-
tent. Compared with the dense hexagonal α-ZnS, the lattice
gap of β-ZnS is greater and the lithium-ion conductivity is
better. The semicircle diameter in the high-frequency region
increases with increasing vulcanization temperature; the
difficulty of lithium-ion migration at the interface increases
due to the increase in the amount of hexagonal α-ZnS phase
with its lower ionic conductivity.

4. Conclusions

A zinc precursor was prepared by DC arc plasma method,
then sulfurized at different temperatures to obtain Zn/ZnS
composite powders. The microstructure and electrochemical
properties of the Zn/ZnS materials with varying degrees of
vulcanization were investigated. With increasing sulfuriza-
tion temperature, pure Zn gradually changes into cubic β-
ZnS and then cubic β-ZnS into hexagonal α-ZnS. The
cycling performance gradually increases to a maximum at
300°C, declining thereafter. The capability of the ZnS vulca-
nized at 300°C is maintained at 232.1mAh/g after 300 cycles
under conditions involving a 500mA/g charge/discharge
current density. Diffusion migration of lithium ions is easier
in the cubic β-ZnS, as confirmed by electrochemical imped-
ance spectroscopy. Furthermore, ZnS nanoparticles present
good optical properties and have potential applications in
biological tagging and cell imaging.
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The surface topographies of artificial implants including surface roughness, surface groove size and orientation, and surface pore
size and distribution have a great influence on the adhesion, migration, proliferation, and differentiation of nerve cells in the
nerve regeneration process. Optimizing the surface topographies of biomaterials can be a key strategy for achieving excellent cell
performance in various applications such as nerve tissue engineering. In this review, we offer a comprehensive summary of the
surface topographies of nerve implants and their effects on nerve cell behavior. This review also emphasizes the latest work
progress of the layered structure of the natural extracellular matrix that can be imitated by the material surface topology. Finally,
the future development of surface topographies on nerve regeneration was prospectively remarked.

1. Introduction

Peripheral nerve injury is the most common disease in clini-
cal medicine, which brings much trouble to the patients in
their life. The pathogenic factors are varied, including
trauma, traffic accidents, or artificially excised nerve tissue
by surgery, sports injury, etc. [1]. Although most of the
peripheral nerve damage will not endanger a human’s life,
it could hinder the function of normal surrounding tissues
[2], lead to mobility difficulties and sensory abnormalities,
and have a negative impact on people’s daily life. From a bio-
logical point of view, nerve damage and scarring at the site of
injury are major contributors to the healing of damaged
nerves, which may limit the functional recovery of peripheral
nerves [3]. Therefore, repairing peripheral nerves remains an
urgent clinical problem that has not been adequately
addressed. In today’s medical field, the functional repair of
damaged tissues in the nervous system is still a huge problem.
After nerve tissue damage, the formed glial scar will produce

inhibitory molecules to block the regeneration of nerve axons
[4]. In order to achieve the functional replacement of dam-
aged tissues in neural tissue, more and more artificial nerve
grafts made of synthetic or natural biomaterials have been
developed to promote the growth, proliferation, and differen-
tiation of nerve cells [5] .

Tissue engineering is aimed at solving the problem of
organ shortage by developing biological substitutes that can
help restore or enhance the function of damaged tissue [6].
With the continuous deepening of the research on tissue
engineering, the research on nerve grafts is also transitioning
from simple primary preparation to advanced bionic and
functional preparation [7]. More and more studies have
shown that the microenvironment constructed by the surface
properties of tissue engineering product materials has an
important impact on tissue engineering and organ regenera-
tion [8–10]. For example, biomaterials not only provide
mechanical and three-dimensional structural support for
tissue and organ regeneration, but some of its own properties
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and factors can also regulate tissue and organ regeneration.
These characteristics and factors include the surface charac-
teristics of materials (such as surface topology), which are
now gradually becoming a research hotspot [8–10]. The
surface topology of a material plays a very important role in
guiding cell behavior, including morphology, adhesion,
differentiation, and axon guidance [8, 11]. Nerve cells or
neurons are responsible for transmitting signals to other
cells. They collect signals through dendrites and cell soma
and transmit signals through synapses at the end of axons
[12]. Therefore, numerous studies have been devoted to the
manufacture of the surface pattern of biomaterials for explor-
ing the role of contact guidance. In recent years, two-photon
polymerization nanolithography micro/nanomanufacturing
technology has become a powerful and useful manufacturing
tool, which can generate two-dimensional (2D) to three-
dimensional (3D) arbitrary micro/nanotopologies of various
materials with high spatial resolution, thus arousing great
interest in cell and tissue engineering [13].

Material surface topology was reported to have a signif-
icant effect on nerve regeneration [6, 14]. The normal nerve
tissue is distributed on a long-strip structure with good
orientation growth. Thus, simulating this structure will be
beneficial for nerve regeneration. Miller et al. found that
the stripe-shaped distribution of the PDLA pattern could
regulate the orientation growth behavior of Schwann cells,
which had the best alignment when the groove width was
10-20μm, but the depth of the grooves showed little effect
[15]. Song and Uhrich studied the size effect of laminin
micropatterns on the axon growth rate, length, and tropism
of DRG; they found that when the protein pattern width was
40μm, DRG cells had the fastest axon growth rate and best
orientation [16]. The above two studies indicated that when
the appropriate topography size, i.e., approaching to cell size,
was designed, the process of nerve regeneration could be
significantly promoted. The studies have an important refer-
ence value for revealing the effect of the surface size of the
biomaterial on nerve regeneration. Blong et al. found that
the patterned surface of collagen and laminin could better
regulate the orientation and distribution of neural progeni-
tor cells but had little effect on their differentiation ability
[17]. Researchers have also used micrographic methods to
successfully differentiate neural stem cells into neural cells,
astrocytes, and oligodendrocytes [18]. The latest report by
Liu et al. displayed that the 3D topology of biomaterials
(porosity, pore size, etc.) and the geometric topology of sub-
cell size could affect the specific differentiation of progenitor
cells and stem cells [19]. In addition, Lu et al. found that
basal stiffness and topology can coordinately regulate stem
cell morphology and differentiation [20]. Therefore, the
micropatterns on the surface of biomaterials can build a
physical microenvironment that is conducive to cell growth
and orientation, to promote and regulate the growth and
spatial distribution of nerve cells for achieving better and
faster nerve regeneration. However, numerous studies are
currently limited to the regulation of topographies on cell
morphology, while the molecular mechanism of how nerve
cells sense the surface topology of materials, and how
surface topology affect the inner reaction of cells, such as

gene variation and signal pathway activation, is still not
fully understood.

Thus, understanding how nerve cells respond to differ-
ent biomaterial surface topologies is critical to the develop-
ment of suitable nerve grafts used in regenerative medicine
and tissue engineering. The purpose of this review is mainly
to emphasize the significance of the surface topology of
biomaterial implants and their effect on the behavior of
nerve cells, including proliferation, differentiation, adhesion,
migration, alignment growth, and neurite guidance and
relevant mechanism (Figure 1).

2. Different Features of Topographies and Their
Influence on Cell Behavior

2.1. Topography Affects Cell Proliferation and Differentiation.
Cell proliferation is one of the important physiological func-
tions of living cells and an important life characteristic of
organisms, which is the basis of organism growth, develop-
ment, reproduction, and heredity, and could be seriously
affected by the structure of the surrounding microenviron-
ment. In recent years, many studies have applied various
microfabrication methods to prepare concrete topographical
maps, at sub-micro- and microscales. A new technology has
been developed to prepare microgrooves with adsorbed
proteins on a biodegradable polymer substrate made of
poly(D,L-lactic acid) [6, 10, 15, 21]. The effect of matrix-
mediated chemical and physical guidance on the growth
and arrangement of Schwann cells in vitro was studied. The
preparation of surface nanotopography by Onesto et al. and
others can guide nerve cells to assemble into efficient compu-
tational networks, providing new tools and standards for
tissue engineering and regenerative medicine [6, 10, 15, 21].
Generally, the natural physiological tissues have a specific
microtopological structure, with the repetition or regular
arrangement of certain geometric features in space. The mor-
phology and structure are closely related to the physiological
functions it undertakes. Besides, the specific microtopology
could provide space for cell growth and diffusion in the tis-
sue. The difference of microtopology in different tissues
may be one of the factors that regulate the biological behavior
of cells. As a substrate for promoting cell or tissue growth,
microtopological structures have begun to be used in various
tissue engineering fields. According to the natural structure
of physiological tissues, various types or sizes of porous or
microgrooved arrays for regulating cell or tissue growth have
been designed and fabricated [22, 23]. Previous studies have
shown that microtopology could regulate the growth of nerve
cells and tissues and promote cell proliferation and differen-
tiation. The suitable topographical types fabricated on
biomaterials can be used to regulate cell expansion, direction
differentiation, and migration [24, 25]. Moreover, under-
standing the mechanism of cell surface topographical inter-
action is of great significance for scaffold design in nerve
tissue engineering [26, 27].

Many studies have shown that microtopography can pro-
mote the proliferation of adherent cells including most nerve
cells. In previous studies, a simple method of combining
freeze-drying and micromolding to efficiently and expandably
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manufacture a biomaterial conduit with a seamless sidewall
and longitudinally arranged structures on the inner wall was
developed. The highly arranged microstructures could speed
up the directional growth of neonatal nerve tissues, and the
foraminous sidewalls were expected to be in favor of loading
biological factors and reducing nutrient leakiness or axon out-
growth [28]. The number of proliferating cells was largely
dependent on the diameter of the nanofibers, and the prolifer-
ation increases with the decrease of the fiber size. Christopher-
son et al. also found a similar phenomenon by culturing rat
neural stem cells on a grid composed of nanofibers, which
further confirmed the extreme sensitivity of cell proliferation
to specific sizes of nanoscale features [29].

In numerous differentiation clues such as ECM composi-
tion, soluble factors, material component, and structure, the
nanomorphology around the cell plays a vital role [30].
Embryonic stem cells (ESC), as a renewable source of cells,
have great application potential in nerve injury repair. In
order to study the response of ESC to uneven surfaces, Chen
et al. [31] used a simple self-assembly method to prepare
highly ordered hexagons with completely opposite curva-
tures. The array and honeycomb structure surface were
formed by the cell sequence, and experiments proved that
in the concave honeycomb structure, the cells could not enter
the honeycomb pores, but penetrate the honeycomb pores,
which promoted the elongation of cells. The release of gravity
promoted homosexual diffusion and cell proliferation.
Alvarez et al. [32] designed a biomimetic PLA nanofiber scaf-
fold that could release L-lactic acid. The topological structure
of PLA nanofibers could promote the growth of neurons and
glial cells. They showed that the release of L-lactic acid
through the bionic scaffold composed of electrospun PLA
fibers reproduced the three-dimensional organization and
supported functions of embryonic radial glial cells, thereby
simulating physical and biochemical characteristics of the
embryonic NSC niche. Although there is still a long way
before clinical transformation, the results of the research
opened unexpected and exciting prospects for the design of

cell-free implant devices. By promoting glial cell generation,
neurogenesis, and vascularization, the functional nerve tissue
lost after injury can be restored without growth factors,
genetic manipulation, or exogenous cells.

Cheong et al. [33] designed natural polymer scaffolds
with bionic topologies. They found that a mussel adhesion
protein could be fused with biological functional peptides
in the extracellular matrix to strengthen differentiation and
proliferation of neuron and Schwann cells. Additionally, the
contact between nerve cells and aligned nanofibers can
greatly promote functional recovery after nerve regeneration.
Therefore, by synergistically providing physical adhesion for
cell proliferation, integrin-mediated stimulation for cell
differentiation, and contact guidance for cell alignment, the
proposed multidimensional bioinspiration strategy realized
by aligned nanofiber scaffolds can be an effective and univer-
sal bioinspired method in the field of neuroregenerative
medicine. However, because the secretion of mussel protein
is very low, the price of products extracted directly from
mussels is relatively expensive, and it is thus very compli-
cated to obtain genetically engineered products with the
characteristics of natural adhesion proteins [34]. Islam et al.
[35] conducted the first neuron-like PC12 growth study on
untreated and easily available micro-nano-surfaces. Micro-
reactive ion etching provided a fast and economical method
to fabricate a nanostructured substrate for neuron-like cell
culture. It was found that even in the absence of any extracel-
lular matrix treatment (such as collagen and laminin), nano-
structures could stimulate the growth of cultured PC12 cells.
The neuron-like structure on the nanostructured glass cover
slip was increased by 200% compared with the ordinary glass
cover slip. Morphological studies showed that the attachment
and growth of PC12 cells on the nanostructured substrate did
not initiate any apoptosis mechanism of the cells. Coupled
with the ability to induce and enhance the proliferation of
PC12 cells, these substrates had excellent potential for neural
cell attachment. Neural cell attachment is a precursor for
enhanced differentiation, which can be used to manipulate
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Figure 1: Schematic diagram of the influence of the surface topographical features of biomaterials on the behavior of nerve cells.
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axon regeneration and guide neural circuit reconstruction,
thus showing a great potential for treatment of nervous
system trauma. Nanostructures can also promote the differ-
entiation of mouse embryonic stem cells into neuronal line-
ages. For example, the diameter of the nanofibers affected
the differentiation of neural progenitor cells in rats. The
differentiation of oligodendrocytes on 283 nanofibers was
increased by 40%, and differentiation of neurons on 749
nanofibers was increased by 20%, in contrast to the standard
tissue culture surface [29].

The topographic signal of the substrate will have a certain
guiding role in the process of cell development and tissue
repair, and control the fate of cells. Moe et al. [36] fabricated
a simple, customizable, cost-effective topology array that can
combine different nano- to microtopologies with various
aspect ratios and complexity levels. Anisotropic topographic
maps (2-micron gratings, nanometer gratings) and isotropic
topographic maps (1-micron column) promoted neuron dif-
ferentiation. The isotropic 1-micron column and 2-micron
holes were conducive to the differentiation of primary glial
cells. In general, it showed that a multiarchitecture chip
(MARC) could identify the best combination of topographi-
cal and biochemical cues by analyzing different topographies
at the same time, which is beneficial for the cell-topography
interaction. Therefore, the customizable MARC as a topolog-
ical chip was a novel and unique platform with a wide range
of potential biological applications. Choi et al. [37] used the
engineered concave microarray to regulate the formation of
the shape and size of the intermediate products of embryonic
stem cells. The PDMS was used as the base material, and the
differentiation of cardiomyocytes and neurons was induced
by controlling the size of the concave microarray, which
proved that the size of the concave microarray may be a main
factor in regulating the differentiation of embryonic stem
cells and a potential tool to guide the fate of embryonic stem
cells. Fernandez et al. [38] designed and produced polycapro-
lactone/polyethylene oxide–polycaprolactone-blended fiber
materials using electrospinning technology, and it was found
that this blend promoted the growth of rat neural stem cells
by culturing neural stem cells isolated frommouse brain fiber
materials, and neural stem cells even differentiated into neu-
rons and astrocytes without adding any growth factors.
Tachizawa et al. [39] used hydroxyl propyl cellulose (HPC)
and sodium alginate (Na-Alg) to prepare a neuronal cell-
oriented scaffold with a bundle-like structure. These bundled
fibers allowed neuronal cells to follow the axon direction and
fiber long axis elongation, and experiments had shown that
human-induced pluripotent stem cells could successfully
differentiate into neuronal cells based on the fiber bundle
structure. In addition, microtopology can effectively adjust
to the differentiation and proliferation of cells [40]. In clinic,
on the basis of effective treatment, microtopology could pro-
vide a way to enhance the differentiation and proliferation of
nerve cells in order to reduce the damage of nerve tissue
defects to the human body [41, 42]. The foundation of the
topographical structure shortens the treatment time and
improves the treatment efficiency. A list of the impacts of
the topographical structure on the proliferation and differen-
tiation of nerve cells is presented in Table 1.

2.2. Topography Affects Cell Adhesion and Migration. Adhe-
sion is an important condition for anchoring dependent cell
survival, growth, and proliferation on the matrix. Poor adhe-
sion may lead to cell immobility or even apoptosis [43]. Cell
adhesion is the basis of communication between cells and the
external environment and plays a major role in organiza-
tional development [44]. Thus, the adhesion is considered
to be the first indicator of the interaction of cells with their
surrounding environment, prior to other properties, such as
proliferation, differentiation, and migration. Early studies
showed that the surface topographical properties of biomate-
rials could guide nerve cell adhesion and the migration
process [45]. The topographic maps submitted through
nanofibers had been shown to promote the regeneration of
peripheral nerves with a damaged gap. However, its basic
mechanism has not yet been fully elucidated. For example,
topography [9], wettability [46], chemical composition [47]
are usually interrelated properties. An increase in the hydro-
phobicity of the surface of a fluorinated polystyrene material
could cause a decrease in human MG63 osteosarcoma cell
adhesion [46]. Adsorption of fibronectin (FN) on the
hydroxyl functional groups (functional group as compared
with -CH3) showed high levels of α5β1 level, resulting in an
increase of cell adhesion and the structural strength of
the signal component levels associated with focal adhesion
of cells [48]. The topographies have a huge influence on
cell adhesion and migration behavior. Jia et al. [49] pre-
pared neatly arranged poly(L-lactic acid-co-e-caprolactone)
(P(LLA-CL)) nanofibers. The Schwann cells that migrated
and the number of axons on the neatly arranged nanofi-
bers were 2.0 times and 2.84 times that of the random
group, respectively. The nerve guide channels constructed
by the aligned nanofibers obviously enhance peripheral
nerve regeneration through stimulating a more proma-
crophage phenotype.

Radhakrishnan et al. [50] used polylactide-glycolide
copolymers to prepare random and longitudinally arranged
electrospun fibers including two-dimensional films and
three-dimensional scaffolds. Compared with two-dimensional
films and random fibers, oriented nanofiber scaffolds showed
a significant increase in the adhesion of Schwann cells after
culture for 3, 6, and 12 hours, respectively. The orientation
structure of the scaffold promoted the maturation of
Schwann cells, thereby promoting the formation of the mye-
lin sheath to maintain Schwann cells’ function. A new
method for preparing polycaprolactone scaffolds that mimic
the natural structure of peripheral nerves with a micropat-
terned ridge/groove structure on the surface by combining
electrospinning and micromolding has previously been
developed. The micropatterned polycaprolactone scaffold
exhibits a porous structure, and its hydrophobicity and
mechanical properties increased with the electrospinning
flow rate of the polycaprolactone solution, while the chemical
properties did not change. The micropatterned polycaprolac-
tone scaffold had good stability and could effectively regulate
the attachment and orientation of Schwann cells in the early
stage after cell culture. The results showed that the flow rate
of the PCL electrospinning solution had an important influ-
ence on the morphology of the scaffold and the adsorption
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behavior of cells and proteins. The micropatterned scaffold
with a flow rate of 0.12mL/h-1 had a good regulation effect
on the adhesion and arrangement of Schwann cells, without
negatively affecting the normal biological functions of the
cells. This research could provide important design concepts
for artificial nerve implants, and provide an experimental and
theoretical foundation for the development of implants in
tissue engineering [51]. Although polycaprolactone has
excellent mechanical properties and plasticity, PCL’s biolog-
ical properties and functions are low, and the degradation
rate in the body is slow. Thus, the performance of PCL
including biocompatibility and biodegradation should be
further improved for future applications [52]. Xie et al. [53]
used electrospinning technology to prepare a single layer of
nonoriented and neatly arranged nanofibers for dorsal root
ganglion (DRG) culture, and it was proved that on nonor-
iented nanofibers, the DRG neurites spread radially from
the body with no particular orientation. In contrast, when
DRG was cultured in single-layer-oriented nanofibers,
neurites extended preferentially along the long axis. Yao
et al. [54] combined electrospinning and molecular self-
assembly technology to prepare an aligned fibrin hydrogel
(AFG), which is a three-dimensional layered arrangement
with a directional morphology to simulate the spinal cord
tissue in the natural environment. The results proved that
the motor function recovery rate of the AFG group was
significantly faster than that of the control group and the
stochastic fibrin hydrogel group (RFG). The AFG scaffold
supplied an induction array for promoting directional host
cell invasion, reconstruction of the vascular system, and axon
regeneration, which could facilitate and buttress a wide range
of axon regeneration and recovery of motor function. Zhang
et al. [55] prepared aligned poly(3-hydroxybutyrate-co-3-
hydroxyvalerate) PHBV nanofibers doped with polyethylene
oxide (PEO) by electrospinning. Compared with randomly
oriented nanofibers, aligned nanofibers showed clear guid-
ance for cell extension. The surface of the nanotube
enhanced the interaction between nerve cells and the scaf-
fold. The aligned fiber was then treated with plasma and
modified with laminin to fabricate a nerve conduit. The
functionally arranged nanofibers effectively promoted the

adhesion and proliferation of Schwann cells. In vivo ani-
mal experiments showed that the PHBV/PEO nanofiber
nerve conduit coated with laminin on the inner surface
could promote the regeneration of sciatic nerve defects.
However, the defects of PHBV, including high crystallinity
and large spherulite size caused brittleness and slow degra-
dation (more than two years for complete degradation),
extremely limiting its application in biomedicine [56].

Cell migration is critical to a wide range of pathological
and physiological processes, including wound repair, metas-
tasis, and embryogenesis [57–59]. The surface structure of
biomaterials is essential to control their interaction with the
biological environment [60]. It is well known that the micro-
and nanoscale geometric cues presented by the extracellular
matrix of cells affect cell behavior, such as migration, adhe-
sion, and dispersion [61]. Therefore, it is important to under-
stand the interaction between cells and different surface
morphologies of artificial graft, which may improve the bio-
logical performance of medical implants [62]. Topological
structure can also regulate cell functions, such as differentia-
tion [63] or migration [64]. Researchers [65] studied the
influence of surface topographical properties on the migra-
tion and dispersion of the cytoskeleton of stem cells. The
surface of titanium alloy was firstly treated with a pulsed laser
to form parallel grooves and matrix holes to evaluate the
dispersion behavior of the cytoskeleton. The experimental
results showed that the cell cytoskeleton was influenced not
only by the surface roughness (Ra and Sa) but also by the
surface flatness and area.

Microscale grooves could induce cells to form a high-
aspect ratio cytoskeleton and restrict the migration and diffu-
sion of the cytoskeleton. Li et al. [66] developed chitosan
micropatterns with various pattern sizes for peripheral nerve
regeneration. The 30μm size pattern showed the best regula-
tion effect on Schwann cell migration. In addition, compared
with the unpatterned sample, the micropatterned chitosan
film could well retain the physiological function of SCs, indi-
cating that chitosan micropatterning and SCs have good
biocompatibility. Thus, chitosan micropatterning can effec-
tively regulate the directional growth of SCs, and may have
potential application value in the repair of peripheral nerve

Table 1: Summary of the influence of topographical features on the proliferation and differentiation of cells.

Feature type Cell type Effects on cell behaviors Reference

PLA nanofiber stents
Neurons and
glial cells

Promote neuron and glial cell growth [32]

Mussel protein glue-based nanofiber conduit
Nerve and

Schwann cells
Promote nerve and Schwann cell proliferation

and differentiation
[33]

Nanotextured glass coverslips PC12 cell
Promote the proliferation of neuronal cells and

provide treatment for central nervous system trauma
[35]

A customizable multilevel architecture array Neurons Enhance the differentiation of neurons [36]

The engineered concave microarray
Cardiomyocytes
and neurons

The differentiation of cardiomyocytes and neurons [37]

Polycaprolactone/polyethylene
oxide–polycaprolactone-blended fiber
materials using electrospinning technology

Neural stem cells
Promotes the growth of rat neural stem cells,
differentiates into neurons and astrocytes

[38]
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injury. Although chitosan has been widely used for con-
structing artificial grafts for tissue engineering, several disad-
vantages limit its application, such as its dependence on low
pH and the risk of allergic reactions. The neonerve tissue
migrated much faster in a chitosan conduit with surface
micropatterning compared to the controlled conduit without
topography [67]. Walter et al. [68] used a polystyrene colloi-
dal template to fabricate a surface with controlled feature
sizes. The results of fluorescence microscopy, WST analysis,
and morphological analysis showed that the surface feature
size had a strong effect on bone marrow-derived rat stromal
cells (ST2). Quantitative analysis showed that compared with
flat surfaces, when the surface feature size was reduced to less
than 200 nm, cell adhesion, diffusion, viability, and activity
were enhanced, while larger feature size was not conducive
to cell adhesion. The effects of topography on nerve cell adhe-
sion and migration are presented in Table 2.

2.3. Topography Affects Cell Alignment Growth and Neurite
Guidance. The characteristic functions of complex tissues
are largely determined by the shape and polarity of the cells
[69–71]. By means of a process known as contact guidance,
the polarity of many different cell types can be strongly influ-
enced by substrate morphology [72–74]. Cells can adjust
their arrangement according to the local geometry of their
adhesion surface [75]. This process is called contact guidance
and has been well established, but little is known about it.
One of the challenges is the varied natural surface topologies
associated with cell movement guidance. Many studies have
reported that the surface topography could facilitate contact
guidance of cell morphology and achieve controlled neurite
outgrowth under the guidance of a combination of chemical
cues and physical patterns, which was important in the treat-
ment of damaged nerve in regenerative medicine [76, 77]. In
a previous study, the effect of collagen gradient micropatterns
on peripheral nerve regeneration was investigated. The pre-
pared gradient collagen micropatterns could well regulate
the directional growth of Schwann cells. At the same time,
it could be used as gradient micropatterns with higher colla-
gen concentration and larger pattern size [78].

Generally, at least two different types of stress fibers exist
in the cell, one is the long top stress fiber arranged in the axial
direction, and the other is the short base stress fiber arranged
in the circumferential direction. A small guanosine tripho-
sphatase (Rho) that regulates the assembly of stress fibers
can realize the manipulation of stress fibers and achieve the
purpose of guiding and controlling cell arrangement [79]. It
has been documented that in organisms, cells treat the micro-
scopic nanofiber matrix network as a physical signal, which
affects the arrangement of cells in the range of tens to
hundreds of microns. Many studies reported that the micro-
groove could cause neurite arrangement, and the surface
topography increases the stimulation of discrete retinal neur-
ites and enhances the orientation of neurites [80–83]. Obser-
vations have also shown that topographical features could
provide guidance for the direction and growth of hippocam-
pal neurons, and these directional cues contribute to the
long-term organization of axons and dendrites [82]. In
addition, it has also been reported that the growth cone of

neurons can perceive nanoshaped extracellular matrix tips
to produce stable neurites [83]. Moreover, it was found that
microRNA is involved in the growth of neurites guided by
topological cues [84]. The engineered mussel protein glue-
based nanofiber catheters were also used to carry out multidi-
mensional biologically inspired strategies to accelerate the
regeneration of functional nerves [33]. The results showed
that the AFG biomimetic composition is comprised of a pro-
tein of a natural fiber cable, and the aligned organization
could facilitate rapid biological function recovery in periph-
eral nerve regeneration [85].

According to previous studies, the scale of the topogra-
phy has an effect on the growth of neurites on electrospun
nanofibers. In previous studies, it was found that the fiber
diameter strongly affects the morphology and differentiation
[86], neurite length [87], and neurite arrangement of nerve
cells [88–90]. Topographical structures, such as the width
and height of a groove have a significant impact on the align-
ment and elongation of various types of cells. The aligned
PLLA nanofiber scaffold highly improved the neurite
outgrowth, NSC displayed an obvious bipolar elongated
morphology of the cell soma, and the neurites grew outward
[86]. Topographical size was also shown to have an impor-
tant influence on the differentiation and growth of nerve
cells. The results of the research may provide valuable refer-
ence information for developing effective tissue remodeling
matrices and optimizing existing biomaterials for neural
tissue engineering applications. The neatly arranged electro-
spun fibers have shown great promise in promoting the
growth of directed neurites in cells and animal models.
Although electrospun fiber diameter affected cell behavior,
it is unclear how directional spun fiber scaffolds of different
diameters affect neurite growth and Schwann cell migration.
Therefore, the study firstly established highly arranged elec-
trospun fiber scaffolds with different diameters, and then
evaluated the neurites and stem cell behavior of dorsal root
ganglion (DRG) explants. Three groups of highly aligned
electrospun polylactic acid (PLLA) fibers (1325 + 383 nano-
meters: large diameter fibers; 759 + 179 nanometers:
medium diameter fibers; and 293 + 65 nanometers: small
diameter fibers) were produced. Moreover, the extension
of DRG neurites in chicks was found to be affected by the
fiber diameter [88]. Small fiber diameters (293 ± 65 nm)
did not promote the extension of DRG neurites, moderate
fiber diameters (759 ± 179 nm) could promote the direc-
tional expansion of neurites, while large fiber diameters
(1325 ± 383 nm) could obviously promote the directional
growth and extension of DRG neurites. The packing density
of fibers may also affect the extension of axons and the
migration of Schwann cells [88]. Therefore, when construct-
ing aligned electrospun fiber constructs for nerve regenera-
tion applications, careful consideration should be given to
fiber diameter and spacing between fibers. As a material
with a relatively slow degradation rate, PLLA may cause
some problems, such as incomplete degradation and lower
local pH. Therefore, PLLA implants may cause late inflam-
mation, cell necrosis, and delayed axonal recovery in the
body [91], which should also be considered for future
clinical applications.

6 Stem Cells International



Human embryonic stem cell-derived neural stem cells on
silk fibroin scaffolds with different diameters (i.e., 400 and
800 nanometers) and orientations (i.e., random and arrange-
ment) were used to analyze the effects of fiber diameter and
arrangement on nerves derived from human embryonic stem
cells including cell viability, neuron differentiation, and neur-
ite growth. Compared with random thyroid-stimulating
hormone-releasing factor scaffolds, the arranged thyroid-
stimulating hormone-releasing factor scaffolds could signifi-
cantly promote the differentiation and axon growth of
human embryonic stem cell-derived neurons. In addition,
on the aligned 400-nanometer fibers, cell viability, neuron
differentiation, and neurite outgrowth were greater than
those on the aligned 800-nanometer fibers. Their results indi-
cated that the 400-nanometer directional thyroid-stimulating
hormone-releasing factor scaffold was more suitable for the
development of neural stem cells derived from human
embryonic stem cells, which was helpful for optimizing the
therapeutic potential of human embryonic stem cells for
nerve regeneration [83]. However, although natural silk has
good mechanical properties, the mechanical properties of silk
protein after degumming are impaired, which further affects
the performance of silk fibroin nerve conduits. A previous
study showed that the aligned PLLA fiber scaffold could pro-
mote the elongation of neural stem cells, and their neurites
grew along with the fiber direction, while the fiber diameter
had no significant effect on cell orientation. Interestingly, it
was reported that the NSC differentiation rate on nanofibers
was higher than microfibers, but it had no relationship with
fiber orientation degree [86]. Besides, the aligned silk fibroin
nanofibers with different diameters were shown to support
astrocyte attachment and growth. An obvious enhancement
of the astrocyte migration area was observed on SF scaffolds
with a diameter of 400 nm compared to those with a diameter
of 1200 nm [89]. In our previous research, we also used a
combination of micromodeling and freeze-drying to prepare
porous chitosan micropatterns with different sizes of surface
ridges/grooves. The Schwann cells on the chitosan micropat-
tern appeared to display orientation adhesion and began to
grow in a certain direction after having been cultured for
2 h. After further culture for 3 and 5d, the minimum orienta-

tion angle and maximum length appeared on the 30/30μm
micropattern. Therefore, the results showed that the porous
chitosan micropatterns with a suitable size could well regu-
late the growth of Schwann cells and had potential applica-
tion value in nerve regeneration [67].

The rapid vascularization of the nerve graft at the wound
site is very important for nerve regeneration [92]. Vascular
endothelial cells (VEC) are one of the most important core
cells for angiogenesis [93]. Endothelial cells change their
phenotype and could grow guided by the topography. The
topography with a larger microsize (width range of 4.8 to
9.9μm and height range of 1015 to 2169 nm) resulted in cell
alignment and inhibited vascular network formation, while
the topography with a nano/microsize (width range from
1.5μm to 3.8μm and height range from 176 nm to 780nm)
could lead to the formation of early vascular networks [94].
Moreover, it was found that the scaffolds with aligned topol-
ogies could form a fused endothelium with enhanced endo-
thelial cell (EC) adhesion for vascularization. The cells on
the scaffolds with aligned fibers of 100 nm and 300nm diam-
eter had a significantly larger aspect ratio and long axis length
compared with those on aligned fibers of 1200 nm and
random fibers. Fiber orientation had a great influence on
the alignment of guided cells on the scaffolds with diameters
of 100nm and 300 nm, while the cells on the 1200 nm scaf-
fold did not show aligned growth [95]. Previous reports have
demonstrated that cell-topography interactions can affect the
gene expression, neurite branching, growth, and reprogram-
ming efficiency of induced neurons (iNs) [96]. Cell arrange-
ment and neuron guidance stimulated by topological
structure with different sizes is summarized in Table 3.

2.4. Topography-Nerve Cell-Relevant Mechanism. Cell
responses to topographical cues can be caused by direct
changes in cytoskeletons and indirect changes in signaling
pathways. However, the mechanism of how neuronal cells
sense and react to topography is rarely reported. For
nonneuronal cells, it is generally believed that the recognition
mechanism between cells and topographical features in the
extracellular environment is based on integrin adhesion
molecules [97]. Integrin expresses widely in the nervous

Table 2: Summary of the effects of sizes on cell adhesion and migration.

Feature type Effects on cell behaviors Reference

Prepared poly(L-lactic acid-co-e-caprolactone)
(P(LLA-CL)) nanofibers

Have different regulatory effects on macrophage activation [49]

Polylactide-glycolide copolymers were used to prepare
random and longitudinally arranged electrospun
fibers such as two-dimensional films and
three-dimensional films

Increase in the adhesion of Schwann cells [50]

Arranged nanofibers Neurites extended preferentially along the long axis [53]

Poly(3-hydroxybutyrate-co-3-hydroxyvalerate) PHBV
nanofibers doped with polyethylene oxide (PEO)

Promoted adhesion and proliferation of Schwann cells [55]

Micron-scale groove Limiting the migration and diffusion of the cytoskeleton [65]

Used a polystyrene colloidal template to make a surface
with controlled feature sizes

When the surface feature size is reduced to less than
200 nm, cell adhesion, diffusion, viability,

and activity are enhanced
[68]

7Stem Cells International



T
a
bl
e
3:
Su
m
m
ar
y
of

th
e
eff
ec
ts
of

si
ze
s
on

ce
ll
al
ig
nm

en
t
an
d
ne
ur
it
e
gu
id
an
ce
.

D
ia
m
et
er

M
at
er
ia
l

C
el
lt
yp
e

E
ff
ec
ts
on

ce
ll
be
ha
vi
or
s

R
ef
er
en
ce

Si
lk

na
no

fi
be
rs
/s
ca
ff
ol
d

40
0±

67
nm

80
0±

35
nm

Si
lk

fi
br
oi
n

H
um

an
em

br
yo
ni
c
st
em

ce
ll-

(h
E
SC

-)
de
ri
ve
d
ne
ur
al

pr
ec
ur
so
rs

(N
P
s)

C
el
lv
ia
bi
lit
y,
ne
ur
on

al
di
ff
er
en
ti
at
io
n,

an
d
ne
ur
it
e

ou
tg
ro
w
th

ar
e
gr
ea
te
r
on

al
ig
ne
d
40
0
nm

fi
be
rs

[8
3]

P
ol
y
(L
-l
ac
ti
c
ac
id
)
(P
LL

A
)

na
no

/m
ic
ro
fi
br
ou

s
sc
aff
ol
ds

30
0
nm

(n
an
om

et
er

sc
al
e)

1.
5
m
m

(s
ub

m
ic
ro
n
sc
al
e)

P
LL

A
N
eu
ra
ls
te
m

ce
lls

(N
SC

s)
A
lig
ne
d
na
no

fi
be
rs
hi
gh
ly
su
pp

or
te
d
th
e
N
SC

cu
ltu

re
an
d
im

pr
ov
ed

th
e
ne
ur
it
e
ou

tg
ro
w
th

[8
6]

Si
lk

fi
br
oi
n
(S
F)

40
0
nm

12
00

nm
Si
lk

fi
br
oi
n
(S
F)

A
st
ro
cy
te
s

Si
gn
ifi
ca
nt

in
cr
ea
se

in
as
tr
oc
yt
e
di
ff
us
io
n
ar
ea

on
SF

sc
aff
ol
ds

at
40
0
nm

[8
9]

P
ol
y-
L-
la
ct
ic
ac
id

(P
LL

A
)
fi
be
rs

29
3±

65
nm

75
9±

17
9n

m
13
25

±
38
3n

m
P
ol
y-
L-
la
ct
ic
ac
id

(P
LL

A
)
fi
be
rs

D
R
G
ne
ur
it
es

in
ch
ic
ks

La
rg
e
fi
be
r
di
am

et
er
s
(1
32
5±

38
3n

m
)
ob
vi
ou

sl
y

pr
om

ot
e
th
e
di
re
ct
io
na
lg
ro
w
th

an
d
ex
te
ns
io
n

of
ne
ur
it
es

[8
8]

G
ra
di
en
ts

W
av
el
en
gt
hs

ra
ng
in
g
fr
om

1.
5
μ
m

to
3.
8
μ
m

an
d
am

pl
it
ud

es
ra
ng
in
g
fr
om

17
6
nm

to
78
0
nm

P
ol
yd
im

et
hy
ls
ilo

xa
ne

(P
D
M
S)

H
um

an
pu

lm
on

ar
y

m
ic
ro
va
sc
ul
ar

en
do

th
el
ia
lc
el
ls
(E
C
s)

C
au
se
d
fo
rm

at
io
n
of

ea
rl
y
ne
tw
or
ks

th
at

ca
n
be

st
ab
ili
ze
d
by

th
e
us
e
of

th
e
gu
id
an
ce

la
ye
r
of

ad
ip
og
en
ic
st
ro
m
al
ce
lls

(A
SC

)
[9
4]

W
av
el
en
gt
hs

ra
ng
in
g
fr
om

4.
8
to

9.
9
μ
m

an
d
am

pl
it
ud

es
ra
ng
in
g
fr
om

10
15

to
21
69

nm

C
au
se
d
ce
ll
al
ig
nm

en
t
an
d
in
hi
bi
te
d
va
sc
ul
ar

en
do

th
el
ia
ln

et
w
or
k
fo
rm

at
io
n

E
le
ct
ro
sp
un

sc
aff
ol
ds

10
0
nm

an
d
30
0
nm

12
00

nm

P
ol
y(
ε-
ca
pr
ol
ac
to
ne
)

(P
C
L)

an
d
ty
pe

I
co
lla
ge
n

E
nd

ot
he
lia
lc
el
l(
E
C
)

Si
gn
ifi
ca
nt
ly
la
rg
er

as
pe
ct
ra
ti
o
an
d
lo
ng

ax
is
le
ng
th

[9
5]

8 Stem Cells International



system. The presence of integrin is related to various devel-
opmental processes of the nervous system, such as neuron
migration, axon growth, and guidance through attachment
to extracellular matrix proteins such as tenascin laminin
and fibronectin [98–100]. In addition, it has been detected
in many growth cones of focal adhesion protein, such as tal-
lin and vinculin, indicating that the integrin-cytoskeleton
coupling may play a major role in the movement of growth
cones and the processes of neurons [100, 101]. Therefore,
most of the reported influence mechanisms of topographical
features on nerve cells mainly focused on the activation of
integrin, the cytoskeleton, ROCK signaling, and focal adhe-
sion [102–104]. Activation of integrin leads to the organiza-
tion of focal adhesions (FAs), the actin filaments that
connect integrin to the cytoskeleton [105]. FAs include pro-
teins such as talin or vincinin, which transfer mechanical
forces through the whole actin-myosin cytoskeletal network,
and directly leads to changes in cytoskeletal assembly, and
finally cell morphology [97, 106]. In addition, the FA
proteins are comprised of an activation signal cascade of
biochemical signals such as paxillin [106]. These cascades,
which include activation of phosphorylation-mediated
signaling pathways and activation of G-protein- (such as
Rho-) mediated signaling pathways (such as ROCK), may
cause long-term changes in cell proliferation, differentia-
tion, survival, and transcriptional regulation [97]. A recep-
tor for activated protein kinase C (RACK1) inhibits the
nanoscale response to contact guidance and promotes
adhesion as well [107]. Under the different characteristics
of the surface topographical structure, the single adhesion
may change to the protein aggregation and reorganization,
which affects the quantity and distribution of FAs [108].
In short, the surface topographical cues of the material
can regulate the behavior of nerve cells through the focal
adhesion-pFAK-RhoA signaling pathway (Figure 2).

3. Outlook

Tissue engineering is an interdisciplinary research field that
applies materials and biological sciences to create artificial
organs and tissue matrices [13]. Micro-/nanostructured bio-
materials with specific characteristics and functions are in
great demand in biomedical applications. Neural tissue engi-
neering relies on combining biological materials and external
cues, such as cell-matrix interactions [109]. For application
in peripheral nerve regeneration, the surface topography of
the biomaterial plays an important role in regulating nerve
cell behavior. The surface topography could present with
different morphologies and structures, thereby providing a

superior microenvironment that is suitable for nerve tissue
regeneration. Many researches have reported that the cell
proliferation, differentiation, adhesion, migration, arrange-
ment, and neurite guidance could be manipulated by the
interaction of cell-biomaterial surfaces with different topo-
logical structures and sizes. In addition, the unique topog-
raphy and structure of the surface of biomaterials may
affect the differentiation type of nerve cells. Further on,
the surface topographical specification of biomaterials
(surface roughness, surface groove size and direction, and
surface pore size and distribution) will significantly affect
the molecular pathways that control the fate of nerve cells.

4. Conclusions

This review gives a broad overview of the powerful influence
of the topological structure of the material surface on differ-
ent neuronal cell types, including neurons and glial cells.
Feature roughness, groove size and orientation, and surface
pore size are important parameters that regulate cell behav-
ior on topological structures. The review illustrated that
different topographical features have a great impact on cell
proliferation, differentiation, adhesion, migration, arrange-
ment, and neurite guidance. In particular, the cell’s behav-
iour would be most significantly improved across different
topographical features. Future research will further reveal
the regulatory mechanisms of topography on cellular
response, which will significantly influence nerve regenera-
tion. The correct design and fabrication of appropriate
dimensions and shapes of topographical features will be
helpful for the development of artificial nerve grafts with
excellent biological performance in nerve tissue engineering
and neuroregenerative medicine.
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Super activated platelet lysate (sPL) is a derivative of platelet-rich plasma (PRP) that contains high levels of several growth factors.
In this study, we synthesized a temperature-sensitive hydrogel that contained temperature-sensitive Poly(DL-lactide-glycolide-
glycolide acid) (PLGA), SrCl2, and HA, and loaded it with different concentrations of sPL. The hydrogel showed satisfactory
encapsulation efficiency and release of the growth factors in a sustained manner, indicating its suitability as a drug carrier. The
sPL-loaded hydrogel was inserted into the necrotic femoral head of a rat model and core decompression was applied and
resulted in significantly accelerated bone repair and regeneration. Therefore, encapsulation of sPL in a hydrogel scaffolding may
be an effective strategy for treating femoral head necrosis.

1. Introduction

Femoral head necrosis (ONFH) is characterized by osteocytic
necrosis and bone marrow necrosis as a result of insufficient
or a complete lack of blood supply to the subchondral bone.
There are currently 30 million diagnosed cases of ONFH
worldwide, of which 8.12 million are in China alone, and
the rate of incidence has been increasing annually [1]. A
recent multicenter study conducted on ONFH patients in
China found that steroid use was identified as the causative
factor in 26.35% of males patients and 55.75% of female
patients [2]. Long-term use of high-dose glucocorticoids
(GC) may affect the differentiation of cells in the femoral
head and alter bone metabolism, thereby decreasing the
angiogenic activity of the femoral head and triggering ische-
mic hypoxia.

In the absence of an effective method of treatment,
ONFH can progress into subchondral bone collapse in 80%

of patients within 1-3 years. Subchondral bone collapse
causes resulting in considerable pain and impaired hip joint
function and will eventually require total hip arthroplasty
(THA). However, since THA is not the best option for youn-
ger patients, action needs to be taken as early as possible to
slow down the progression of ONFH and delay the age of
joint replacement.

Core decompression (CD) is a joint-preserving surgery
[3] that is suitable for the early stage ONFH patients with
an intact joint surface [4]. It can reduce intramedullary pres-
sure on the femoral head, accelerate bone regeneration that
may form a cavity after core decompression, and reverse fem-
oral head necrosis [5], thereby delaying the progression of the
disease and preventing femoral head collapse. However, 37%
of patients that undergo core decompression therapy will
progress to femoral head collapse [4].

Platelet-rich plasma (PRP) can accelerate bone formation
by restoring osteoblast proliferation and activating pathways

Hindawi
Stem Cells International
Volume 2021, Article ID 7951616, 7 pages
https://doi.org/10.1155/2021/7951616

https://orcid.org/0000-0002-2950-9551
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2021/7951616


that promote angiogenesis and osteogenesis [6], which is a
strategy that can be used to the pathological progression of
ONFH. Growth factors in PRP can promote cartilage forma-
tion [7] and osteogenesis [8] and can therefore alleviate
ONFH [9]. In addition, platelet lysate (PL) growth factors
also promote the chemotactic migration of various cells [10,
11]. PL can be incorporated into biological scaffolds that
can retain its beneficial effects for a longer period [7, 12]
based on the preparation method, activation, initial platelet
concentration, and donor [12, 13]. Super-active platelet
lysate (sPL) is prepared from PRP via ultralow temperature
freeze-thawing. It is enriched in bioactive factors that can
promote tissue regeneration and vascular remodeling. How-
ever, the short half-life of the growth factors in sPL limits
their biological effects in vivo. In addition, high dosageses
and/or the frequent administration of sPL is not economi-
cally viable, and may lead to toxic side effects. The controlled
release of sPL loaded with hydrophilic macromolecules such
as growth factors can significantly improve its efficacy in vivo.

Polymers with a high molecular weight [14], such as
poly lactic-co-glycolic acid (PLGA), can be used as effec-
tive in vivo drug delivery systems due to their biocompat-
ibility and biodegradability. The polymer material can
protect sPL from the tissue microenvironment, leading to
controlled release. Bone is a natural organic-inorganic-
inorganic composite material that is mainly composed of
collagen and hydroxyapatite (HA, Ca10(PO4)6(OH)2)). A
variety of organic-inorganic composite materials that can
mimic the composition and structure of bones have been
developed. Strontium (Sr) is a trace element found in the
human body that promotes bone formation and the heal-
ing of osteoporotic tissues. Therefore, we designed a com-
posite hydrogel that consisted temperature-sensitive PLGA,
the bone mineral hydroxyapatite (HA), and strontium [15,
16]. However, the hydrogel can flow into other parts of
the defect, and the properties of the hydrogel need to be
changed to prevent the hydrogel from flowing out.

Temperature-sensitive PLGA/HA/SrCl2 hydrogel loaded
with sPL was used to reconstruct the degenerated bone tissue
in combination with CD surgery. sPL was slowly released
from the hydrogel in a temperature-sensitive manner and
resulted in accelerated bone repair after core decompression
of the femoral head and ONFH. Therefore, our study has laid
the foundation for the clinical application of heat-sensitive
hydrogel materials, and also for a considerable reduction in
the cost of treating ONFH patients.

2. Materials and Methods

2.1. Materials. Temperature-sensitive PLGA was purchased
from Jinan Daigang Biomaterial Co., Ltd, SrCl2 was pur-
chased from Sinopharm Chemical Reagent Co. Ltd., HA
was purchased from Aladdin, lipopolysaccharide was pur-
chased from Sigma-Aldrich Inc. (USA), whileMethylsulfonate
was purchased from Pfizer Pharmaceuticals (Hangzhou,
China).

2.2. sPL Preparation. sPL was isolated from human blood via
ultralow temperature freezing, as previously described [17].

In brief, PRP was extracted by centrifuging fresh whole
blood. The PRP was ultralow-frozen using melt preparation
and patented cytokine culture technologies, sPL can be effi-
ciently induced, activated, and cultivated.

2.3. Synthesis and Characterization of Hydrogels. The
temperature-sensitive PLGA\SrCl2 and HA were mixed at a
ratio of 94 : 5 : 1, and the mixture was added to 0, 250, and
500μl of sPL placed in a magnetic stirrer. The resulting
PLS0, PLS1, and PLS2 hydrogels were lyophilized and
sprayed with gold, and their morphology was observed under
a scanning electron microscope (SEM) (Japan Electronics
Co. Ltd.).

To measure the sustained release of bioactive factors
from the PLS hydrogels created, the latter were placed in
clean vials (n = 4 per group) and completely submerged in
4ml of simulated body fluid (SBF). The vials were then sealed
and incubated in a water bath, and the aliquots in the
medium were collected on days 3, 6, 9, 12, 15, 18, 21, 24,
27, and 30. The concentration of VEGF and TGF-β was mea-
sured using specific ELISA kits (Jingmei, Jiangsu).

Preweighed lyophilized gels were incubated in deionized
water at 30°C, 34°C, 38°C, and 42°C for 1 hour to measure
hydrogel swelling. The swollen gels were retrieved, blotted
to remove excess water, and weighed. The colloidal water
content (SR) was calculated using the formula: ðW1 −W0Þ/
W0, whereW0 andW1 indicate dry weight and temperature
weight, respectively.

2.4. In Vivo Experiments

2.4.1. Establishment of an ONFH Model and Treatment. All
animal experiments were conducted in accordance with the
guidelines on the humane use and care of animals formulated
by the National Institutes of Health, all experimental animals
are taken care of, and all operations on animals are approved
by the Experimental Animal Use and Welfare Ethics Com-
mittee of the First Affiliated Hospital of Harbin Medical Uni-
versity (Ethical approval number:2019029).

Male SD rats weighing 280-300 g were reared at the ani-
mal center of the First Affiliated Hospital of Harbin Medical
University and fed ad libitum on a standard laboratory diet
and water. A total of 27 rats were intravenously injected with
10μg/kg lipopolysaccharide (LPS), followed by 24 h later
with three intramuscular injections of 20mg/kg methylsulfo-
nate (MPS) then at 24 h intervals. Osteonecrotic lesions first
appeared two weeks after the procedure and continued to
appear until 6 weeks after the procedure [18]. Three of the
rats were euthanized, and tissue samples were collected for
CT and histopathological examination. Once a diagnosis of
ONFHwas confirmed, the other rats were randomly assigned
to the PLS0, PLS1, and PLS2 groups (n = 8). The rats were
anesthetized using 3% pentobarbital sodium, and the right
hip was exposed using an anterior and posterior approach
while preserving the main blood vessels in the femoral head.
The hip joint was prevented from shifting by cutting the
switch capsule, and the femoral head and neck were exposed.
Decompression was performed from the greater trochanter
to the core of the femoral head using a drill, and the lesion
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was filled with PLS. The implanted region was covered with
bone wax, and the wound was closed. All animals were
intramuscularly injected with gentamicin (4mg/kg) before
and after the operation to prevent any wound infections.

2.4.2. Radiological Analysis. Four animals from each group
were sacrificed to be used for the Micro-CT analysis on the
4th and 12th weeks postsurgery. Changes in the femoral head
were monitored using a QuantumGX CT imaging system
(PerkinElmer, USA). An isotropic 20mm voxel pitch dataset
was obtained using a total rotation of 360° and step length of
0.5° under a power of 80 kV, and computer-generated three-
dimensional model of the femoral head was constructed.

2.4.3. Histopathological Analysis. Animals from each group
were used for the histological observations made on the 4th

and 12th weeks after surgery. The tissue samples were fixed
using 4% paraformaldehyde for a period of 1 week and dec-
alcified using 20% EDTA solution for a period of a month.
Then, the samples were dehydrated using an alcohol gradient
and clarified using xylene. Thereafter, the tissues were
embedded in paraffin and cut into 4μm thick sections,
followed by hematoxylin and eosin (HE), Masson, and ALP
staining, as per standard protocols.

2.4.4. Tunel Assay. The tissue sections were incubated with
the Tunel reagent using the specific Tunel kit as per the man-
ufacturer’s instructions. The color was developed by applying
0.03% DAB for 5 minutes, and the slides were counterstained
with hematoxylin. The number of Tunel-positive cells were
counted in four random microscopic fields at 200x magnifi-
cation. The apoptosis rate (%) was calculated as the ratio of
the number of Tunel-positive cells to the total number of
cells.

2.4.5. Immunohistochemistry. The tissue sections were
probed using primary antibodies against type I collagen and
CD31, followed by a secondary antibody with/out Cy5 conju-
gate. After counterstaining with hematoxylin, the slides were
observed under a fluorescence microscope (Leica, Mannheim,
Germany) or a light microscope (Leica, Mannheim, Germany).

2.5. Statistical Analysis. Data are expressed as mean ±
standard deviation (SD). One-way analysis of variance
(ANOVA) was used to compare data between the groups.
A P value of <0.05 was considered to be statistically
significant.

3. Results and Discussion

3.1. Characterization of the Hydrogels. We loaded sPL into a
temperature-sensitive hydrogel for sustainable release and
stronger therapeutic effects. As shown in Figure 1(a), the
freeze-dried hydrogel had a partially porous structure, and
the incorporation of sPL decreased the size of the particles.

The polymer hydrogel steadily released TGF-β and
VEGF over a period of 30 days (Figures 1(b) and 1(c))
depending on the amount of encapsulated sPL. As expected,
there was no obvious release of growth factors from PLS0. In
addition, the hydrogel swelled to 2.1, 2.8, and 3.9 times to its
volume at 30°C when heated to 34°C, 38°C, and 42°C, respec-
tively (Figure 1(d)).

3.2. The sPL-Loaded Hydrogel Alleviated Osteonecrosis and
Promoted Bone Formation. An ONFHmodel was established
using LPS andMPS, as previously described byWu et al. [19].
Imaging and histological tests clearly demonstrated a diagno-
sis of osteonecrosis at 6 weeks, along with bone marrow
necrosis, abnormal fat distribution, and increased internal
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Figure 1: (a) Representative SEM images showing the structure of lyophilized thermosensitive hydrogel. (b, c) Release of growth factors from
the loaded sPL hydrogel. (d) Temperature-dependent change in water content.
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pressure of the femoral head. The core decompression chan-
nel for femoral head necrosis was well constructed, and the
hydrogel was accurately implanted without any damage to
the muscles, nerves, or blood vessels. All animals were
healthy and no obvious signs of infection were observed. Sev-
eral studies have reported the presence of osteogenic growth
factors in PL [10, 20], and encapsulation of sPL in a hydrogel
scaffolding enhances the retention capacity of constituent
growth factors. As shown in Figure 2, the cross-sectional
and longitudinal CT images show that PLS1 was partially
repaired in the necrotic region, 4 weeks after the implanta-
tion, compared with the PLS0 group, whereas PLS2 showed
a stronger therapeutic effect. Necrotic areas were still visible
even after 12 weeks in the PLS0 groups but had been mostly
reconstituted in rats treated with PLS1 and PLS2.

Histological examination of the femoral head necrosis
showed that ONFH induction resulted in sparse cavities, dif-
fuse spot-like bone marrow necrosis, and a sparse trabecular

bone marrow cavity with large fat cells. Implantation of the
hydrogels did not trigger any localized inflammatory reaction
or fibrosis. PLS2 resulted in the formation of new bone and
trabeculae by the 4th week after implantation with causing
osteonecrosis and hematopoietic necrosis. Likewise, PLS0

4w
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Figure 2: Representative coronal, transverse and sagittal micro-CT scans of the different treatment groups.
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Figure 4: Histopathology Masson staining conducted 4 weeks and
12 weeks after ONFH treatment (40x).
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Figure 5: ALP staining of the histopathological osteogenic marker
(200x).
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Figure 3: HE staining after treatment for femoral head necrosis
(40x).
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Figure 6: Histopathological type I staining demonstrated the
composition of bone tissue (200x).
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Figure 7: Histopathological CD31 staining demonstrating the
formation of blood vessels in the femoral head (200x).
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and PLS1 administration caused the formation of new bones
but did not induce a trabecular arrangement (Figures 3 and
4). Consistent with the observations mentioned above, bone
tissues expressing the osteogenic factor ALP and collagen I
were observed in all groups, and the degree of positive
staining increased in the PLS-implanted groups in a sPL
concentration-dependent manner (Figures 5 and 6).

3.3. The sPL-Loaded Hydrogel Promoted Angiogenesis. In
addition to, the growth factors in sPL promote the adherence
and proliferation of osteoblasts, while also facilitating angio-
genesis via the proliferation of vascular endothelial cells.
Platelet endothelial cell adhesion molecule-1 (CD31), which
is typical for the endothelial lineage [21]. As shown in
Figure 7, compared with the PLS0 group, CD31 staining
increased in the PLS1 and PLS2 treatment groups during
the 4th week of treatment. The number of CD31-positive cells
increased in a time and sPL concentration-dependent man-
ner and peaked in the PLS2 treatment group, 12 weeks after
surgery. Vadasz et al. [22] found that the decrease in VEGF
(vascular endothelial growth factor, promote angiogenesis)
levels was correlated with ONFH progression and promoted
VEGF synthesis induced angiogenesis in the trabecular space
in femoral head necrosis. Bai et al. [23] found that compared
to BMP-2 alone, the combination of VEGF and BMP-2
increased the formation of the vascular networks and signif-
icantly enhanced the formation of ectopic bone. Consistent
with previous reports, angiogenic factor CD31 was highly
expressed in the PLS2-treated group (Figure 7).

3.4. The sPL-Loaded Hydrogel Inhibited Apoptosis in the
Femoral Head Tissue. Numerous Tunel-positive apoptotic
bone cells were observed in the necrotic femoral head, while
the number of positive cells decreased significantly after
hydrogel implantation. As shown in Figure 8, the rate of apo-
ptosis in the PLS0, PLS1, and PLS2 groups were 31:48 ±
1:80%, 13:60 ± 1:27%, and 8:05 ± 0:27%, respectively, after
4 weeks, and 8:59 ± 1:55%, 4:97 ± 0:29%, and 3:08 ± 0:92%,

respectively, after 12 weeks (Figure 8(b)). In the 4th week,
compared with the PLS0 group, the apoptosis rate of the
PLS1 and PLS2 groups was significantly reduced (P < 0:05).
With the addition of sPL, the apoptosis rate in the tissues
was also significantly reduced (P < 0:05). In the 12th week,
compared with the PLS0 group, the apoptosis rate of PLS1
and PLS2 groups was significantly reduced (P < 0:05). With
the addition of sPL, the apoptosis rate between PLS0 and
PLS1 groups, and PLS1 and PLS2 groups had no significant
statistical significance. In the PLS0 group, PLS1 group, and
PLS2 group, compared with 4 weeks, the apoptosis rate in tis-
sues at 12 weeks after operation was significantly reduced
(P < 0:05).

ER stress-induced apoptosis can be inhibited by PRP
exosomes in a manner independent of the PERK/CHOP
pathway [24]. Bone mesenchymal stem cells (BMSCs)
treated with PRP exosomes and dexamethasone showed
enhanced phosphorylated Akt (protein kinase B) and Bad
(Bcl-2 related death promoter) levels, as well as enhanced
Bcl-2 expression, indicating that PRP exosomes can inhibit
apoptosis by activating the Akt/Bad/Bcl-2 signaling path-
way [24].

Despite the encouraging results, our study has two main
limitations. First, we established an ONFH rat model in rats,
which did not develop femoral head collapse. However,
when we performed core decompression, the cartilage sur-
face was partially destroyed, simulating the destruction of
cartilage as a result of the femoral head collapse. The patho-
logical condition of ONFH was not consistent with the
actual clinical situation and also precluded the long-term
effects of the use of the hydrogel. Therefore, at this stage, it
is impossible to determine whether the hydrogel can prevent
collapse. Instead, femoral collapse would have to be estab-
lished in a large animal model to demonstrate cartilage
repair. Second, we evaluated angiogenesis based only on
CD31 expression levels, and microangiography can be used
to observe the formation of new blood vessels in a more
accurate manner.
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Figure 8: (a) Tunel staining conducted on the 4th week and 12th week after ONFH treatment (200x). (b) The apoptotic rate was calculated
using the Tunel-staining results.
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4. Conclusion

Compared to thermosensitive hydrogel, the sPL-loaded ther-
mosensitive hydrogel steadily released biological factors that
reduced the level of osteoblast apoptosis, promoted osteogen-
esis and angiogenesis, and effectively prevented the develop-
ment of ONFH in a rat model. Therefore, treatment using
sPL-loaded thermosensitive hydrogel can be used in combi-
nation with core decompression surgery to improve the out-
comes of femoral head necrosis treatment.
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Electrospun nanofibers have been frequently used for tissue engineering due to their morphological similarities with the
extracellular matrix (ECM) and tunable chemical and physical properties for regulating cell behaviors and functions. However,
most of the existing electrospun nanofibers have a closely packed two-dimensional (2D) membrane with the intrinsic
shortcomings of limited cellular infiltration, restricted nutrition diffusion, and unsatisfied thickness. Three-dimensional (3D)
electrospun nanofiber-based scaffolds can provide stem cells with 3D microenvironments and biomimetic fibrous structures.
Thus, they have been demonstrated to be good candidates for in vivo repair of different tissues. This review summarizes the
recent developments in 3D electrospun nanofiber-based scaffolds (ENF-S) for tissue engineering. Three types of 3D ENF-S
fabricated using different approaches classified into electrospun nanofiber 3D scaffolds, electrospun nanofiber/hydrogel
composite 3D scaffolds, and electrospun nanofiber/porous matrix composite 3D scaffolds are discussed. New functions for these
3D ENF-S and properties, such as facilitated cell infiltration, 3D fibrous architecture, enhanced mechanical properties, and
tunable degradability, meeting the requirements of tissue engineering scaffolds were discovered. The applications of 3D ENF-S
in cartilage, bone, tendon, ligament, skeletal muscle, nerve, and cardiac tissue regeneration are then presented with a discussion
of current challenges and future directions. Finally, we give summaries and future perspectives of 3D ENF-S in tissue
engineering and clinical transformation.

1. Introduction

Tissue engineering that combines cells, biomaterials, and
biochemical and biophysical factors to improve or replace
biological tissues provides an ideal treatment option for tis-
sue damages [1, 2]. It involves isolation and expansion of tar-
get cells in vitro and their seeding and growth in implanted
biomaterials to allow the formation of new tissues with
defined shapes and functions [3]. By utilizing these autoge-
nous cells, tissue engineering has the advantages of auto-
grafts, which overcomes the limited self-repairing capacity

of many tissues [4]. To date, this therapeutic approach has
demonstrated success in the repair of skin, cartilage, bone,
bladder, and blood vessels, among others [5–9].

Biomaterials play essential roles in tissue engineering as
they can provide designable biophysical and biochemical
milieus to support cell attachment, proliferation, differentia-
tion, and neo tissue genesis [10–12]. With the increasing
understanding of the interactions between cells and the sur-
rounding microenvironment, more and more attention is
focused on developing biomaterials that mimic ECM’s native
components, properties, and structures [13–15]. An optimal
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scaffold for tissue regeneration should mimic the mechanical
and functional properties of ECM of those tissues to be
regenerated. To date, a significant number of biomaterials,
including hydrogels, porous scaffolds, and fibers, have been
extensively developed and explored in tissue engineering.

Among them, fibrous scaffolds have recently attracted a
lot of attention since native ECM consists of abundant
protein fibers with different structures and arrangements
[1, 16]. Electrospun nanofibers with controllable diameters,
alignments and components, and large surface areas are often
used to meet the requirements of tissue engineering [17–21].
However, these traditional 2D electrospun membranes have
an intrinsic limitation of relatively poor cellular infiltration
due to their limited thickness and relatively high packing
density [22, 23]. Therefore, these scaffolds, in practice, act
as 2D surfaces rather than 3D microenvironments. Although
porous scaffolds and hydrogels can provide a suitable 3D
microenvironment for implanted cells and have exhibited
extensive applications in regenerative medicine [24–26], they
often lack fibrous structures and the anisotropy character of
native tissue ECM [27, 28]. Thus, researchers are seeking to
develop 3D electrospun nanofiber scaffolds to recapitulate
ECM’s architecture and morphology better [29].

There are some review articles about electrospinning and
nanofiber-hydrogel composite scaffolds [30–32]. However, a
comprehensive summary of fabrication strategies, required
functions, and advanced performances in tissue engineering
is missing. This review article summarizes the recent design
approaches of 3D ENF-S and their applications in tissue
engineering. It starts with a brief introduction to the tradi-
tional electrospun nanofibers and their limitations. Subse-
quently, recent advances in the fabrications of three types
of 3D ENF-S are presented. The applications of 3D ENF-S
with improved features and functions in various types of tis-
sue engineering are then highlighted (Figure 1). Finally, we
give a brief conclusion and discuss the perspectives on cur-
rent challenges and future directions of 3D ENF-S in tissue
engineering.

2. Preparation of ENF-S from 2D to 3D

2.1. Traditional Electrospinning and Its Limitation. Electro-
spun nanofibers are often fabricated using electrospinning
facilities which consist of three elements: an electrical gener-
ator (high voltage supply), a needle with or without solvent
pump (jet source), and a metal collector (target) [33]. When
voltage is applied on the nozzle and electrostatic repulsion
counteracts the surface tension, the droplet will be stretched.
At the critical voltage point (the threshold voltage), a “Taylor
cone” (disintegration of water drops in an electric field) is
formed, and a jet of liquid erupts from the surface. The jet
flow created at the “Taylor cone” is stretched to whip into
continuous ultrafine fibers in the electric field while the sol-
vent is evaporating. By adjusting experimental parameters
such as the applied voltage, the designated distance between
the nozzle and collector, and the property of the solution,
fibers with uniform diameters can be routinely produced,
and an electrospun membrane with packed density is gradu-
ally fabricated. The nanofibers’ diameters and orientations

can be controlled by adjusting the solution viscosity or
the type of collectors, which leads to an apparent influence
on cell behaviors and functions [34, 35]. However, electro-
spun membrane produced by traditional strategy possesses
a very thin thickness (<1mm) [36] and high dense pack-
ing attributed to the nature of electrospinning, which
hampers cell infiltration, and limits extensive applications
in tissue regeneration.

2.2. Preparation of 3D Electrospun Nanofiber-Based Scaffolds
(ENF-S). 3D scaffolds are required for most tissue regenera-
tion because their biomimetic 3D environment will promote
cell differentiation, neo tissue development, and higher
genetic material expression, such as ECM secretion and cell
metabolism. Therefore, 3D ENF-S with thick thickness and
the capacity for cell infiltration is highly needed for tissue
engineering. In this section, 3D ENF-S are classified into (i)
electrospun nanofiber 3D scaffolds, (ii) electrospun nanofi-
ber/hydrogel composite 3D scaffolds, and (iii) electrospun
nanofiber/porous matrix composite 3D scaffolds according
to the different fabrication approaches (Figure 2).

2.2.1. Electrospun Nanofiber 3D Scaffolds. Electrospun nano-
fiber 3D scaffolds with high porosity and thickness can be
fabricated by direct electrospinning through postprocessing
techniques, tuning fiber collection techniques, or combining
the two. Electrospun membranes can be changed into scaf-
folds with desirable 3D structures, tailored sizes, and
mechanical properties by facile and direct postprocessing
techniques such as stacking, rolling, and braiding the electro-
spun membrane [37]. Besides, gas foaming is also successfully

Skeleton muscle
Cardiac tissue

Cartilage

Bone Tendon and ligament

Nerve

Figure 1: Illustration of typical tissues with fibrous structures whose
regeneration can be mediated by 3D ENF-S.
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used to expand 2D electrospun nanofiber sheets to 3D scaf-
folds. For example, electrospun nanofiber mats were success-
fully grown into a 3D scaffold after treatment with NaBH4
aqueous solutions [38]. The distributions of gap widths and
layer thicknesses are directly dependent on nanofiber mats
processing time within the gas bubble forming solution.
Similarly, a porous poly(ε-caprolactone) (PCL) electrospun
structure was fabricated by adding a chemical blowing
agent, azodicarbonamide, which generated micro-sized pores
through decomposition after deposing at 100°C for 2-3 sec-
onds [39]. The montmorillonite-reinforced poly(L-lactide)
(PLLA) electrospun nanofibers with a 3D and dual-porosity
structure were fabricated through a cold compressionmolding
process and salt leaching/gas-forming method [40]. Other
postprocessing methods, such as hole forming by punching
or laser ablation, can enhance electrospun mats’ porosity and
promote tissue regeneration performance by improving cell
infiltration and migration [41, 42].

Electrospun nanofiber 3D scaffolds with significantly
increased thickness can also be prepared by tuning fiber col-
lection techniques, such as regulating the electrospinning
collector or the environment during electrospinning.
According to a study conducted by Subramanian et al., a
3D tubular scaffold was fabricated by adding an insulating
gap as an auxiliary electrode, which resulted in a longitudinal
deposition of fibers [43]. Similarly, spherical dish and
double-bevel collectors were also used to fabricate 3D fibrous
scaffolds [44, 45]. Patterned collectors could increase the
thickness and pore size of electrospun nanofiber scaffolds to
improve cell infiltration [46–50]. Besides the geometry of

the collector, Olvera et al. found that electrospun nanofiber
3D scaffolds could be fabricated readily by varying the rota-
tional speed of the mandrel collector during electrospinning
[51]. Moreover, cryogenic electrospinning was also used to
fabricate electrospun nanofiber 3D scaffold with high poros-
ity and thickness utilizing ice crystal as templates [52–54].
For instance, a poly(D, L-lactide) scaffold with large pores
ranging from 10 to 500μm was fabricated by the cryogenic
electrospinning technique [55]. Besides, centrifugal electro-
spinning, using centrifugal forces to produce fibers from
melts or solutions, has also been reported to produce 3D
fibrous scaffolds. This technology is high throughput, and
the scaffolds prepared by this technology have open porous
structures facilitating deep cell penetration [56, 57].

Tuning collectors and postprocessing techniques are
often combined to increase further the thickness and porosity
of electrospun nanofiber scaffolds. For example, 3D porous
electrospinning PCL with nanohydroxyapatite (nHA) scaf-
folds were prepared using the stainless-steel porous mesh
collector and layer-by-layer (LbL) assembly technique [58].
Another popular strategy is the electrospinning-based yarn
assembly technique, forming yarns by regulating the collec-
tion system and further postprocessing by 3D assembling
[59–61]. For example, the yarns obtained through a liquid
support system can produce 3D scaffolds with different
shapes [62]. Similarly, yarns can be collected through an
“electro-wet spinning,” in which a water vortex is formed to
twist the collected fibers into yarns in a dynamic liquid col-
lection system [63, 64]. A combination of this hydroelectros-
pinning and LbL assembly can produce 3D scaffolds [65].

Figure 2: The summary of representative design approaches of 3D ENF-S.
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Further, the yarn-based 3D scaffolds could be prepared by
postprocessing treatment [66]. Moreover, the yarns can be
used to weave 3D anisotropy scaffolds, which exhibited excel-
lent anisotropy mechanical properties for specific tissue
regeneration [67].

2.2.2. Electrospun Nanofiber/Hydrogel Composite 3D Scaffolds.
Hydrogels have been utilized for various biomedical field
applications, including drug loading, cell delivery, and tissue
engineering, because of their 3D spatial architecture and
elastic properties [68–70]. However, hydrogels have poor
mechanical strength and lack native ECM’s fibrous structure
[31]. The amalgamation of electrospun fibers and hydrogels
can simulate the structures and properties of ECM [71].
Nanofiber components can increase cell viability, adhesion,
and differentiation because the nanofibers can resist the con-
tractile forces, providing adhesion sites and maintaining the
oriented morphology [72]. The mechanical properties and
cell in infiltration ability of such composite constructs are sig-
nificantly enhanced compared to the individual counterparts
[73]. The design approaches to integrate hydrogels with elec-
trospun nanofibers will be summarized in this part. Simulta-
neously, their roles and synergy functions in various tissue
regeneration will also be emphasized.

Electrospun nanofiber/hydrogel composite 3D scaffolds
can be fabricated by embedding the postassembled electro-
spun nanofibers in hydrogel precursor solution or assembled
after combining electrospun nanofibrous membranes and
hydrogels. For example, electrospun PLA nanofiber sheets
were coated with poly(lactide-co-ethylene oxide fumarate)
(PLEOF) hydrogels. They were assembled into composite
scaffolds through the LbL assembly and crosslinking. In this
approach, the precursor solution acted as a “glue” to hold
the fiber layers together [74]. The formed laminated or rolled
nanofiber/hydrogel composite scaffolds possess significantly
higher mechanical strength than the pure hydrogels [74, 75].
Besides, the embedded nanofibers were reported to improve
hydrogels’ mechanical and biological properties, such as the
ability to act against contraction or degradation during tissue
regeneration and provide the attachment signal and direc-
tional cues to cells [72]. Also, the interaction between nanofi-
bers and hydrogels would affect the performance of final
products [76].

Short nanofibers via cutting or degrading the electrospun
nanofibers can be suspended in hydrogel precursor solutions
before gelation [77, 78]. This integration process retains the
injectability of the constructs. For instance, gelatin/PCL elec-
trospun short fibers were mixed with gelatin solution and
then crosslinked with glutaraldehyde to prepare composite
scaffolds. These composite scaffolds showed more robust
mechanical properties than pure hydrogels due to the strong
interfacial bonding between the nanofibers and the hydrogels
[79, 80]. Short electrospun nanofiber/hydrogel mixture could
also be processed into bioinks suitable for 3D bioprinting to
fabricate constructs with complex structure and improved
mechanical properties [81].

2.2.3. Electrospun Nanofiber/Porous Matrix Composite 3D
Scaffolds. Scaffolds with interconnected porous structures

are attractive for tissue engineering because the porous
structures provide spaces for cell migration, proliferation,
nutrition/waste transportation, and neo tissue regeneration
[12, 25]. It was reported that fibrous structures in porous
scaffolds could further accelerate cell adhesion and migration
due to their similarities with native ECM [82]. Therefore,
many recent studies have introduced nanofibers into porous
scaffolds. The methods, such as freeze-drying, electrospray,
and 3D printing, for porous scaffold fabrication, can be inte-
grated with electrospinning to make nanofiber-based 3D
scaffolds. Therefore, combining electrospinning with other
3D porous structure forming technologies is also an effective
approach to fabricate 3D ENF-S.

3D ENF-S with porous structures can be easily formed by
freeze-drying. For example, regenerated cellulose (RC) and
PLA nanofibrous composite scaffolds were fabricated by
freeze-drying and followed by crosslinking with citric acid.
These RC/PLA composite scaffolds with dual pore structures
exhibited superabsorbent, good stability, and mechanical
property [83]. Similarly, bilayer collagen-nanofiber compos-
ite porous scaffolds were prepared by compression and
freeze-drying. There is no apparent gap between the porous
and nanofiber layer, showing a good integration [84].
Poly(ethylene oxide) (PEO) microparticles and PLA nanofi-
bers produced by electrospray and electrospinning, respec-
tively, are deposited on the collector simultaneously to
form the nanofiber/microparticle composite scaffolds. The
thickness can significantly increase after introducing micro-
particles, which can release electric charge and build the
construct during electrospinning [85, 86].

3D printing is a frequently used method to fabricate
porous scaffolds, especially for scaffolds with complex struc-
tures. Combined with 3D printing, the dimension of the
structure and the scale of electrospun nanofibers pore will
increase from nanoscale to the macroscale resembling the
ECM’s topographic characteristic [87]. Yu et al. fabricated a
composite 3D scaffold by printing PCL grid scaffold with
the macroscale pores as the fundus and infusing PCL/gelatin
short nanofibers into the printed scaffolds [88]. 3D-printed
PCL grid was reported to have a smooth surface, while elec-
trospinning PCL nanofibers connected by simply gluing
improved the chondrocyte viability, adhesion, and infiltra-
tion [89]. The short nanofibers were also used for porous
and fibrous scaffold fabrication. For example, a semifluid
mixture of HA/PEO solution and gelatin/poly(lactide-co-gly-
colide) (PLGA) electrospun short nanofibers working as a
novel ink was extruded to fabricate 3D-printed fiber-based
scaffolds. By tuning parameters (the inner diameters of the
nozzle, the moving speed of the plotting head, and the dosing
speed) and adjusting the distance and diameters of the
strands, the composite scaffolds with different shapes and
pore sizes can be achieved [90].

Moreover, direct polymer melt deposition was also com-
bined with electrospinning to fabricate 3D scaffolds with
fibrous structures. Park et al. deposited the electrospun poly-
caprolactone/collagen nanofibers between the polycaprolac-
tone microfiber layers prepared by direct polymer melt
deposition to form 3D ECM-like tissue engineering scaffolds.
This nano/microfiber composite 3D scaffold provided the
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optimal environment for chondrocyte adhesion and prolifer-
ation due to the improvement of biocompatibility and inner
surface’s enlargement [91]. Other approaches, such as
selected laser sintering [92] and stereolithography [93], were
also used to fabricate tissue engineering scaffolds with 3D
porous and fibrous structures, which can accelerate cell infil-
tration and tissue regeneration [94].

3. Advanced Functional Properties of 3D ENF-S

3D ENF-S with cell-permeable structure and controllable
thickness is more practical than 2D electrospun membrane
in most tissue regeneration. As a critical factor in tissue engi-
neering, the tissue engineering scaffold should substitute for
the native ECM while mimicking its structure and mechani-
cal properties. Compared with other kinds of scaffolds, such
as porous or hydrogel scaffolds, these 3D ENF-S have also
exhibited many other advanced functional properties, such
as 3D fibrous architecture and tunable mechanical proper-
ties, making them a focus of recent studies.

3.1. 3D Fibrous Architecture. It is widely accepted that the
creation of biomimetic niches closely resembling the native
biological environment is critical to guide cell growth and
differentiation and promote target tissue regeneration.
Although there are already many studies involving bioin-
spired ECM design, related studies are still developing rap-
idly [95]. 3D ENF-S has drawn extensive attention due to
its nanofibrous structures, which can resemble the various
tissues of native ECM’s fibrillar features [96]. This fibrous
structure has been demonstrated to play a vital role in regulat-
ing how cells interact with the native ECM, influencing cell
adhesion, spreading, proliferation, and differentiation. There-
fore, 3D ENF-S with these biomimetic fibrous structures have
been developed for various kinds of tissue regeneration.

3.2. Mechanical Properties. Scaffolds’ mechanical properties
are essential for their successful performance in tissue regen-
eration. Considering the in vivo implantation and clinical
application, mechanical strength and suture retention strength
are vital for tissue engineering scaffolds. Among the different
types of scaffolds, 3D ENF-S with excellent and adjustable
mechanical properties have great potential for clinical
transplantation.

3.2.1. Mechanical Strength. Scaffolds must be sufficiently
strong to match the mechanical properties of the native tissue
at the implantation site to support cell adhesion, cell spread-
ing, and ECM synthesis. Additionally, when applied in vivo,
the scaffold must withstand external forces acting upon it to
maintain its integrity and support its function without
collapsing. Recently, many studies reported that 3D electro-
spun nanofiber-based scaffolds with outstanding mechanical
properties have been successfully applied in tissue engineer-
ing, especially in force loading tissues, such as cartilage,
tendon, and ligament [97, 98]. Biomimicing the collagen
nanofibers in native tissue, aligned electrospun nanofibers
have exhibited extraordinary mechanical strength, enhancing
tissue engineering scaffolds’ mechanical properties [60]. In
composite scaffolds, electrospun nanofibers can improve

mechanical strength through strain transfer between the
matrix and the nanofiber reinforcement.

3.2.2. Suture Retention Strength. Suture is a common method
to fix implants to surrounding tissues [99]. The limited
suture ability of scaffolds may hinder the in situ implantation
and then impede the in vivo experiments and clinical trans-
plantation, especially for the tissues or organs that require
high and dynamic loads, such as vascular, tendon, and liga-
ment [100]. However, few studies on engineered scaffolds
measure suture retention strength, despite its established
importance for clinical implementation. 3D ENF-S presents
suture ability and enough suture retention strength for
in vivo implantation. For example, Vaquette et al. braided
electrospun PCL mesh with cell seeding to develop a tissue-
engineered ligament construct that can be sutured with the
surrounding tissue [101].

3.3. Structural and Mechanical Anisotropy. Anisotropy,
which refers to the directional dependence of physical prop-
erties, is one fundamental property of some tissues, such as
cartilage, muscle, tendon, and ligament [27, 102, 103].
Anisotropy gives ECM the ability to maximize its function
along the direction of use. For instance, these unique struc-
tures can impose effective force transmission and contractil-
ity for the regeneration of functional muscle fibers [104–106].
Anisotropic scaffolds with structural and mechanical anisot-
ropy are highly needed to mimic the target tissue properties
and provide a specific microenvironment for cell differentia-
tion. Many 3D ENF-S with required anisotropy properties
have been prepared by controlling electrospun nanofibers’
alignment and arrangement [107, 108].

3.4. Degradability. One of the requirements of tissue engi-
neering scaffolds is biodegradation. Degradation itself is a
regulatory factor that controls cell behavior and differentia-
tion [2]. Biomaterials can undergo degradation through ester
hydrolysis, enzymatic hydrolysis, or photolytic cleavage of
the polymer chains in vitro and in vivo. Based on these mech-
anisms, scaffolds with good biodegradability and ideal degra-
dation rate can be designed as temporary supports and
gradually degraded and replaced by regenerated tissue. Gen-
erally, natural polymers, such as gelatin and collagen, have
excellent biocompatibilities but a rapid degradation rate.
Most synthetic polymers lead to mechanically stable electro-
spun nanofibers. Electrospun nanofiber composite scaffolds
with tailored degradation rates can be designed for tissue
engineering applications [52, 74].

Based on the functional properties discussed above, it is
found that 3D ENF-S have shown substantial advantages in
architecture and mechanical properties compared with other
types of scaffolds, thus shortening the distance for clinical
applications. However, most studies have performed mechan-
ical tests before implantation. In a dynamic microenviron-
ment in vivo, scaffolds will exhibit significantly different
performance, such as rapid degradation. Therefore, changes
in the mechanical properties of 3D ENF-S under in vivo envi-
ronment are particularly worthy of attention, especially for
heavy-duty tissues, such as muscle, tendon, and ligament.
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4. Tissue Regeneration Application

4.1. Cartilage and Bone. Osteoarthritis commonly known as
the cartilage defect is a disease induced by traumatic injury
or degenerative joint diseases. With an aging population
and the growing problem of obesity, the number of osteoar-
thritis cases is estimated to multiply in the future [109].
The popular treatments for articular cartilage repair include
microfracture, autologous chondrocyte transplantation, and
osteochondral allograft transplantation [110]. Although these
techniques have successfully relieved pain and improved
joint function, their disadvantages restricted their long-term
clinical application [111]. Cartilage tissue engineering as a
promising strategy has attracted considerable efforts in the
past several decades [112]. Recently, electrospun nanofibers
have been used for cartilage tissue engineering due to their
nanofibrous network structure [113, 114]. Chen et al. pre-
pared gelatin/PLA nanofiber-based 3D porous scaffold by
using nanofiber membrane suspended solution through
freeze-drying and heating processes to fabricate a 3D nanofi-
brous scaffold and overcome the limitations of commonly
produced electrospun nanofiber 2D membrane. This type
of scaffold could be crosslinked with hyaluronic acid using
1-ethyl-3-(3-dimethyl aminopropyl) carbodiimide (EDC)/N-
hydroxysuccinimide (NHS) to promote the function for
cartilage regeneration further [115]. The composite scaffold
promoted cartilage regeneration, indicated by positive colla-
gen type II and aggrecan immunohistochemical staining
results after implantation in vivo for 12 weeks (Figures 3(a)–
3(c)). Electrospun nanofiber/porous matrix scaffolds also
exhibited good performance in cartilage tissue regeneration
[116, 117]. For instance, the collagen-poly(vinyl alcohol)
nanofibers were electrospun on the surface of a freeze-dried
porous collagen sponge to fabricate a composite scaffold,
which was designed to replicate the superficial and transitional
zones of articular cartilage [118].

Cartilage ECM consists of fibrous collagen II and
proteoglycan-based ground substance. Therefore, it was
believed that fiber/hydrogel composite 3D scaffold could
mimic both the structure and function of native cartilage
ECM [119]. For example, a cooled mandrel collector at
-78°C was used to prepare electrospun PCL nanofibers to
mimic the fibrillar component of cartilage. With the ice crys-
tallization process, the deposited PCL fibers exhibited loose
fibrous structure and increased thickness. After sublimation,
the macropores are created to allow cell infiltration. The O2
plasma treatment was used to make the fibers with a hydro-
philic surface, ensuring good contact with cell-laden alginate
hydrogel. The cryoelectrospun PCL fiber scaffolds with a
thicker thickness (1.5mm) could enhance alginate hydrogels’
mechanical property and stability. After three weeks of
in vitro culture and three weeks in vivo implantation, such
a hydrogel/fiber composite scaffold still existed and showed
many chondrogenic ECM deposition while the pure hydrogel
scaffold was degraded (Figures 3(d) and 3(e)) [52].

Bioactive hydrogels’ insufficient mechanical property is
a severe challenge in cartilage tissue engineering [97].
Nanofiber/hydrogel composite scaffolds with an improved
mechanical property and a chondrocyte preferred 3D

microenvironment have become a promising candidate
[98, 120]. Sharifi et al. fabricated a composite scaffold using
fragmented electrospun PLA fibers and alginate-graft-
hyaluronate hydrogel. The compressive modulus of such a
composite scaffold increased by 81% compared with hydrogel
without mixing with nanofibers. The chondrocytes cultured in
this composite scaffold showed a round cell shape and pro-
duced a cartilage-specific matrix [121]. The mechanical prop-
erty and the stability of 3D-printed alginate hydrogels were
improved after reinforcement with PLA submicrofibers [81].

The interaction between fiber and hydrogel matrix is
essential for chondrogenesis in electrospun nanofiber/hydro-
gel composite scaffolds. For example, silk fiber (SF) enhanced
chondrogenesis when embedded in silk hydrogel rather than
standard agarose hydrogel. The newly synthesized proteogly-
can was found to be around the silk microfibers in SF-silk
hydrogel. In contrast, poor stress transfer and ECM deposi-
tion occurred in SF-agarose hydrogel without fiber/hydrogel
binding [122]. The nanofiber component can also accelerate
the proliferation and secretion of chondrogenic ECM by tun-
ing the constructs’ structural morphology and chemical com-
position [123].

Bone tissue engineering also requires a scaffold with
extremely high mechanical strength. The combination of
electrospun nanofibers is a practical approach to increase
mechanical strength and provides an option for using hydro-
gel as a scaffold for bone tissue engineering. Shojai and
coworkers prepared a trilayered scaffold that consisted of
polyhydroxybutyrate (PHB), hydroxyapatite (HA), and gela-
tin methacryloyl (GelMA) hydrogel for bone tissue engineer-
ing (Figures 4(a) and 4(b)). In their work, electrospun PHB
mats were punched and soaked in GelMA precursor solution
with suspended HA nanoparticles for 20min, which was then
sandwiched between GelMA with HA nanoparticle layers.
The 3D nanofiber/hydrogel composite scaffold was formed
by UV crosslinking. Compared with electrospun fiber or
hydrogel alone, this trilayered scaffold exhibited the required
mechanical strength and superior microenvironment. Also,
the matrix mineralization and alkaline phosphatase (ALP)
activity were improved in this hybrid scaffold due to the pres-
ence of HA nanoparticles (Figure 4(c)) [124]. Lamination of
PLA fiber/PLEOF hydrogel composite scaffold was fabricated
by LbL assembly and further crosslinking of hydrogel com-
ponent. The fiber mesh gave this composite scaffold strong
mechanical strength, and the hydrogel components connect-
ing these different layers accelerated the diffusion of oxygen
and nutrients.

Furthermore, with hydrogel degradation, there will be
more space for cell proliferation and ECM deposition. After
combining HA nanocrystal and Arg-Gly-Asp (RGD) peptide
in the hydrogel phase, this laminated composite scaffold pro-
moted the osteogenic differentiation, which was confirmed
by detecting higher ALP activity and expressing osteogenic
markers (osteopontin and osteocalcin) [74]. Similarly,
Naghieh et al. produced hierarchical scaffolds stacked with
PLA microfiber layers prepared by fused deposition model-
ing and nanocomposite gelatin-forsterite fibrous layers fabri-
cated through electrospinning. The elastic modulus of this
composite scaffold was increased by more than 1.5-fold
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compared with the PLA scaffolds without the combination of
electrospun fibers. After soaking in a simulated body fluid
(SBF) solution for 28 days, HA crystals were found on the
struts of the composite scaffold, indicating a bioactive candi-
date for bone tissue regeneration [125].

3D ENF-S are also promising for osteochondral tissue
regeneration. In the natural osteochondral region, the ingre-
dient and structure vary from bone to cartilage, in which the
complex environment cannot be satisfied by a homogeneous
scaffold. Previously, collagen porous scaffolds and electro-

spun nanofibers have been proven to promote cartilage and
bone regeneration, respectively [11, 25]. Therefore, a bilayer
collagen/PLLA nanofiber composite scaffold was developed
for osteochondral tissue repair (Figures 5(a) and 5(b)). The
top layer was a freeze-dried collagen porous scaffold, and
the bottom layer consisted of nanofiber strips with 100-300
μm pores (Figure 5(c)) [84]. Mesenchymal stem cells (MSCs)
cultured on this collagen/nanofiber composite scaffold
showed stronger osteogenic differentiation, which was evi-
denced by the higher expression of osteocalcin (OCN) and
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Figure 3: 3D electrospun nanofiber-based scaffolds for cartilage tissue regeneration. (a) The schematic illustration for fabrication and
crosslinking of electrospun nanofiber porous 3D scaffold (3DS-1) and crosslinked with hyaluronic acid scaffold (3DS-2). (b) The porous
and fibrous structure of uncrosslinked (A, E), heat-treated (B, F), crosslinked 3DS-1 group (C, G), and 3DS-2 group (D, H). (c) Collagen
type II and aggrecan immunohistochemical staining results of nontreated, 3DS-1, and 3DS-2 scaffolds after in vivo implantation for 12
weeks. Reproduced with permission from [115]. Copyright © 2021, American Chemical Society. (d) Conventional electrospinning formed
dense nanofiber membrane. Cryoelectrospinning (on a mandrel collector at -78°C) induced 3D porous PCL scaffold due to the ice crystal
formation. (e) Hydrogel/nanofiber composite constructs exhibited good chondrogenic ECM deposition and higher stability than pure
hydrogel scaffold in vitro cell culture and in vivo implantation. Reproduced with permission from [52]. Copyright © 2021, WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim.
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runt-related transcription factor 2 (runx2) osteogenic genes.
In the rabbit osteochondral defect model, rapid subchon-
dral bone emergence and better cartilage formation were
observed in collagen/nanofiber composite scaffold. Further,
the subchondral bone with a bridge-like structure was also
observed using μ-CT, which was expected to contribute to
the top cartilage regeneration (Figure 5(d)) [84].

4.2. Tendon and Ligament. Tendons and ligaments are tough
connective tissues that connect bone to muscle and bone to
bone, respectively. They have strong tensile strength due to
their dense fibrous microstructure. Therefore, fiber-based
composite scaffolds have drawn much attention for tendon
and ligament tissue regeneration [126]. For example, aligned
electrospun nano/microfiber scaffolds were developed by
mimicking the aligned collagen fibrils of native tendon and
ligament [127, 128]. Braided or stacked electrospun PLLA
and PCL fiber were prepared to meet the clinical require-
ments of tensile and suture strength [37]. It was indicated
that braided scaffolds with substantial mechanical properties
could promote tenogenic markers’ expression. Stacked scaf-
folds have better cell infiltration than braided ones, resulting
in a higher total cell number and ECM content. Similarly,
Vaquette et al. braided electrospun PCL mesh with cell-
laden to develop a tissue-engineered ligament construct

[101]. This PCL mesh/cell sheet composite construct had a
stress/displacement J-curve, similar to that of the native liga-
ment. In vivo experiments showed that ECM was distributed
homogenously within the scaffolds after incorporating the
cell sheet.

Electrospun nanofibers and hydrogel composite scaffolds
were also selected to achieve the cell-laden and excellent
mechanical properties. PCL-polyamide electrospun mem-
branes possessed excellent mechanical properties for tendon
replacement but lacked biocompatibility and 3D structure.
Therefore, GelMA/alginate thin hydrogel layers were coated
on the electrospun nanofibers, providing an ECM-like
microenvironment for encapsulated MSCs. Under mechani-
cal stimulation generated by a custom-built bioreactor, the
cell viability, proliferation, alignment, and tenogenic differ-
entiation of MSCs were promoted (Figure 6(a)) [129]. Kim
et al. also presented a fiber/hydrogel composite scaffold for
tendon tissue engineering. The aligned fibers produced by
hybrid electrospinning of PCL and silk fibroin provided
topological cues for cell alignment and differentiation. Algi-
nate hydrogel with MSCs laden was injected into the fibrous
scaffolds after rolling the fibrous layers around a needle to
improve cell infiltration and provide a 3D microenviron-
ment. With basic fibroblast growth factor (bFGF) supple-
ments, MSCs exhibited a ligament phenotype, which was
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Figure 4: Electrospun nanofiber/hydrogel 3D scaffolds for bone tissue regeneration. (a) Schematic diagram of the experimental steps and the
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(mean ± SD of six replicates). Reproduced with permission from [124]. Copyright © 2016, Elsevier B.V.
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approved by the secretion and deposition of related ECM
proteins in the composite scaffold (Figures 6(b)–6(d)) [130].

Tendons consist of aligned collagen fibers and surround-
ing glycosaminoglycan sheath, mainly dermatan sulfate and
chondroitin sulfate. Therefore, nanofiber/hydrogel compos-
ite scaffolds have also been designed for tendon regeneration.
For example, the aligned PLLA nanofibers were manufac-
tured by electrospinning. A chitosan/collagen hydrogel was
layered on the nanofiber, rolled into tubes, and then coated
with alginate hydrogel to prepare a composite construct. As
expected, the mechanical strength of this composite scaffold

was significantly enhanced, which was sufficient for the flexor
tendon. The aligned nanofibers could guide cell attachment
and growth. The hydrogel phase promoted cell infiltration,
and the alginate component prevented peritendinous adhe-
sion. The excellent mechanical property and biocompatibility
proved that electrospun nanofiber-based composite scaffolds
are good candidates for tendon regeneration [75]. The bFGF
growth factor and dynamic stimulation were further applied
to the braided PCL/collagen fibrous scaffold for tendon
regeneration. This composite scaffold with mechanical and
biochemical stimulation showed enhanced proliferation,

Collagen isolation
from pig Achilles

tendon

Freeze drying of
collagen solution

Mechanical pressing of
collagen membranes

Dense collagen layerFreeze drying of
collagen solution on
dense collagen layer

Bi-layer COL
scaffold

(a)

Electrospinning
of nanofibers

Single layer of PLA
nanofibrous membrane

Layer-by-layer deposited
PLA nanofibrous membranes

Bi-layer COL-
nanofiber scaffold

Freeze drying of PLA
nanofibrous sections and

collagen solution

Sliced microporous PLA
nanofibrous sections

(b)

A B C D

E F G H

CO
L

CO
L-

na
no

fib
er

100 μm

500 μm 1 mm 1 mm

300 μm 200 μm

(c)

A B C D

Non-treated COL COL-nanofiber Normal

(d)

Figure 5: Electrospun PLA nanofiber/freeze-dried collagen bilayer composite scaffold for osteochondral tissue engineering. (a) The
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tenogenic marker expression, and aligned collagen morphol-
ogy after 12 weeks of in vivo implantation, further proving
the promising application of electrospun nanofiber-based
3D composite scaffold in tendon tissue reconstruction [131].

4.3. Skeletal Muscle. Skeletal muscles, comprising between 40
and 45% of an adult human body mass, are mainly responsi-
ble for generating force and controlling body locomotion
[103]. However, muscle tissues are easily injured. Unfortu-
nately, after severe injuries, the endogenic regeneration of
itself is helpless [132]. According to reports, skeletal muscle
tissue engineering, designing constructs to meet tissue regen-
eration’s functional and aesthetic requirements in muscle
defects, has good prospects [104]. Cellular alignment and
elongated myotube are crucial in muscle tissue engineering
because skeletal muscle is composed of aligned myofibers
and connective tissues [103]. Moreover, scaffolds used to
support skeletal muscle regeneration should accommodate
and promote the formation of densely packed, highly aligned
myofibers, which exert effective force transmission and con-
tractility for the revival of functional muscle fibers [105].

Recent studies have shown that anisotropic materials
may be preferred for developing muscle tissue engineering
constructs as their morphology and function are more simi-
lar to native tissues [106, 134]. 3D scaffolds with anisotropic
properties are needed to provide a 3D microenvironment for
implanted cells [134]. Combining hydrogels with electrospun
nanofibers offers an excellent solution to this problem. For
example, fibers with fibrous 3D bundle structures were fabri-
cated with an electrohydrodynamic jet technique followed by
wet electrospinning. After a uniaxial stretch, the fibers
become aligned direction from a random structure. Cell
encapsulated collagen/PEO bioink was printed on this 3D
bundle. The fibers provided the cell-laden hydrogel with typ-
ical topographic stimulus, and the collagen-coated surface
exhibited biochemical cues. They synergically promoted
myotube formation and myoblast differentiation [135].
Nanofiber yarn and hydrogel were assembled to prepare a
composite scaffold with a core-shell structure (Figure 7(a))

[133]. The fiber yarn core comprised of PCL, polyaniline,
and silk fibroin was fabricated through dry-wet electrospin-
ning, which had the function of inducing 3D cellular align-
ment and elongation. The photocrosslinked PEG hydrogel
was used as a shell to embed the cell-seeded yarns. This
hydrogel shell showed the protection for cell proliferation
and the 3D environment for cell arrangement. Moreover,
the hydrogel with a similar stiffness of muscle tissue could
prevent the random winding and twining of yarns during
operation, thereby reducing the possibility of cell detach-
ment. Finally, C2C12 myoblast cultured within this yarn/hy-
drogel core-shell scaffolds in vitro showed enhanced cellular
alignment and myogenic differentiation, further proving the
advantages and promising prospects of nanofiber/hydrogel
composite scaffolds in the application of skeletal muscle
regeneration (Figures 7(b) and 7(c)).

4.4. Nerve. Nerve injuries caused by diseases, trauma, or
tumor operations can lead to loss of movement dysfunctions
and extreme pains. Spontaneous regeneration produces
unsatisfied recovery results, and the availability of donor’s
nerves limits the autologous nerve graft. Therefore, different
kinds of neural tissue engineering scaffolds have become
promising for nerve repair [136]. Among them, electrospun
nanofibers with various mechanical and biochemical stimuli
are often used. The physical properties of electrospun fibers,
such as alignments [137], stiffness, and topography [138],
and the biochemical properties, such as RGD and growth fac-
tor [139, 140], have been systematically studied. Also, con-
ductive polymers (e.g., polyaniline [141]) and nanoparticles
(e.g., graphene [142]) have been fabricated or added to the
nanofibers to promote neural tissue regeneration [143, 144].

3D environment is critical for cell activities and cell-cell
interactions, which affect cell differentiation and neo tissue
regeneration [145–147]. It was reported that aligned nanofi-
bers could provide physical cues for guiding neural differen-
tiation in the 2D surface. Based on this principle, aligned
nanofiber/hydrogel 3D composited scaffolds were designed,
which exhibited practical nerve tissue engineering functions.
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Figure 6: 3D electrospun nanofiber-based scaffolds for tendon and ligament regeneration. (a) Schematic illustration of fabrication and
stimulation of composite scaffold consisted of electrospun nanofibers and cell-laden hydrogel coating crosslinked by Ca2+ and UV light.
Reproduced with permission from [129]. Copyright © 2019, American Chemical Society. (b) Electrospinning equipment for fabrication of
silk fibroin-PCL nano/microfiber mat. (c) SEM images of cell-laden fiber/hydrogel 3D composite construct (cross-section). (d)
Immunofluorescent staining of collagen type I and tenascin-C in the hybrid constructs. Scale bar = 200 μm. Copyright [130].
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An external magnetic field could control the alignment of
short fibers suspended in the hydrogel before complete gela-
tion of the matrix, which endowed the anisotropic property
of this composite matrix. Cells encapsulated in the aligned
fibers/hydrogel construct stretched F-actin filaments in the
direction of fibers. The experiment confirmed that the neu-
rons encapsulated in this matrix had a spontaneous electrical
activity with calcium signals propagating along with the ori-
entation of these iron oxide-loaded PLGA short fibers

(Figures 8(a) and 8(b)) [80]. Similarly, an aligned fibrin
nanofibrous hydrogel for peripheral nerve regeneration was
prepared by electrospinning and self-assembly methods. This
fibrous hydrogel/chitosan composite scaffold promoted the
regrowth of axons in vivo [148]. In addition, due to the
matrix stiffness which is another important biomechanical
cue for cell differentiation, a fibrous and aligned fibrin hydro-
gel scaffold with soft elasticity was fabricated by electrospin-
ning. This construct promoted the stem cells’ neurogenic
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Figure 7: Nanofiber yarn/hydrogel composite 3D scaffolds for myoblast alignment and differentiation. (a) Preparation illustration of
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differentiation and rapid neurite outgrowth in vivo spinal
cord injury model (Figures 8(c) and 8(d)) [149].

Furthermore, it has been reported that the hydrogel
matrix can provide a protective barrier to shield the trans-
planted cell from a toxic environment, under which most of

the transplanted cells will gradually die, resulting in minor
effects on tissue regeneration [150]. Biomimetic multichannel
silk conduits were prepared by an electrospinning technique
followed by manual manipulation to create perineurium-like
structures, mimicking the architecture of the native nerve
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Figure 8: Electrospun nanofibers in 3D scaffolds and their effects on cell alignment and neural differentiation. (a) A schematic illustration of
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[151]. Surrounded hydrogels prevented the cells from being
directly exposed to the harsh environment and thus pre-
sented low oxygen and nutrient level, apoptotic cytokines,
and some toxic reactive oxygen species. Therefore, electro-
spun nanofiber-based 3D composite scaffolds have exhibited
improved controllability in mechanical properties, cell pro-
tection, and good performances in vivo, showing promising
applications in neural tissue engineering.

4.5. Cardiac Tissue. As the major tissue for systole and dias-
tole, the myocardium exhibits a hierarchical structure with
aligned cells embedded into micropatterned and anisotropy
ECM [27]. Therefore, electrospun nanofibers have been
widely explored for myocardial tissue regeneration, which

can mimic the myocardium anisotropic structure, direct
the alignment of cardiomyocytes (CMs), and provide a
suitable microenvironment for cell phenotype and neo tis-
sue regeneration [152]. Electrospun nanofibers with differ-
ent mechanical and biochemical properties for cardiac
tissue engineering can be fabricated using different poly-
mers, hybridization with other polymers, or nanoparticles,
loading with growth factors or drugs.

Strong mechanical properties of scaffolds are required
to restore heart functions, such as systole. However, many
studies have shown that CMs prefer the matrix with soft
stiffness [153, 154]. Electrospun nanofiber-based 3D com-
posite scaffolds afford an optimized approach for resolving
this challenge. For example, the multiple aligned fiber
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Figure 9: Nanofiber yarn/hydrogel composite 3D scaffolds with alignment, conductivity, and anisotropy for cardiac tissue engineering.
Schematic illustration of (a) PCL/SF/CNT nanofiber yarns prepared by wet-dry electrospinning and (b) NFYs-NET scaffolds fabricated by
a weaving technique. (c) 3D composite scaffold fabricated via encapsulating two layers of NFYs-NET with orthogonal orientation within
UV crosslinked GelMA hydrogel (i). F-Actin (green) staining of CMs cultured on the NFYs-NET layer with horizontal direction (iii) and
vertical direction (iv) within a 2-layer 3D scaffold. (d) Coculture of CMs and ECs within yarn/hydrogel 3D composite scaffolds. CMs were
cultured on the NFYs-NET layer while ECs with green fluorescent protein were encapsulated within a hydrogel shell. Reproduced with
permission from [67]. Copyright © 2017, American Chemical Society.
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layer-incorporated hydrogel scaffold was created through
wet-dry electrospinning and photocrosslinking techniques,
respectively (Figures 9(a) and 9(b)) [67]. The conductive
nanofiber yarn network (NFY-NET) was fabricated with poly-
caprolactone, silk fibroin, and carbon nanotubes through wet-
dry electrospinning. The hydrogel was made of biocompatible
GelMA hydrogel, which had the function to provide a pre-
ferred 3D environment for cell differentiation, nutrition
exchange, thickness increase, and mechanical protection
(Figure 9(c)). CMs cultured on the NEYs-NET scaffolds
showed more robust and synchronized beating than that cul-
tured on the 2D glass surface. Furthermore, the scaffold’s
mechanical property and structure stability were improved
after incorporating with GelMA hydrogels. CMs and endothe-
lial cells (ECs) could be separately seeded on the surface of
yarns and encapsulated in GelMA hydrogel for coculture,
indicating the potential for using integrated cardiovascular
organoids (Figure 9(d)).

Heart valve tissue engineering is a promising approach
for injured or diseased heart value repairing. An electrospun
fiber mesh with heterogeneous and anisotropic properties
was created by textile techniques to mimic the native features
of heart value tissue. After combining with cell-laden metha-
crylated hyaluronic acid/GelMA hydrogel, this composite
scaffold exhibited better mechanical strength, enhanced pro-
liferation, and balanced ECM remodeling against degrada-
tion and shrinkage compared with single materials [155].
The nanofiber composite scaffold can also be designed for
coronary artery vessel regeneration, comprised of separate
collagen and elastin fibers [156]. For example, an electrospun
mesh was cut into a rectangular piece with the short edge
parallel with the orientation of the fibers and rolled wrapping
around a latex tube. Then, a hollow Teflon cylinder was
placed around the wrapped tube as a mold, and a thrombin/-
fibrinogen-cell suspension was added into the structure.
After crosslinking and removing the latex tube and Teflon
cylinder, a fiber/hydrogel composite was left. This composite
scaffold was biphasic in the mechanical property due to the
different mechanical performance with the inner electrospun
fibers and outer hydrogel, making it a potential construct for
coronary artery vessel tissue engineering [157].

5. Conclusion and Future Perspectives

3D ENF-S represent a novel class of materials and have
shown great promise for tissue engineering due to their
intrinsic merits. These scaffolds with improved fibrous struc-
ture and thickness are superior to the 2D electrospun nanofi-
ber membrane in cell infiltration and homogenous tissue
regeneration. Besides, the tunable fibrous structure and
mechanical properties of 3D ENF-S are attractive for tissue
regeneration. Moreover, the ability to provide 3D biochemi-
cal and biophysical stimulus and cell protection from harsh
environments is also present in electrospun nanofiber/hydro-
gel composite 3D scaffolds. Therefore, these 3D ENF-S have
demonstrated effectiveness for cartilage and bone, tendon
and ligament, skeletal muscle, nerve, and cardiac tissue
engineering.

Despite the encouraging progress, utilizing 3D ENF-S for
tissue engineering still faces many challenges. Ideally, bioin-
spired tissue engineering scaffolds should have highly
ordered architecture because natural tissues or organs consist
of multiscale hierarchical structures. Future studies focusing
on the biomimetic hierarchical structure may bring addi-
tional functions for cell migration, proliferation, and neo tis-
sue deposition. Moreover, it is necessary to study the
interface between the fiber and porous scaffold/hydrogel
matrix, which is related to the mechanical properties of the
construct and affects cell activities and functions. It was
reported that the interfacial bonding between fiber and
hydrogel has the effect of promoting angiogenesis [158].

Finally, the long-term safety and performance of 3D
ENF-S in vivo are the direction of future study in clinical
transplantation. 3D ENF-S are usually prepared from two
or more materials, and the synthetic polymers are generally
electrospun in an organic solvent. Therefore, the toxicity of
degradation products in vivo should be thoroughly evaluated.
Also, the predesigned mechanical properties, hierarchical
and anisotropic structures, and degradation profiles tested
in vitro cannot reflect the results in the dynamic environment
in vivo. All these performances will change with the scaffold
degradation and the ingrowth of new tissue after implanta-
tion in the body. Therefore, the dynamic changes of the
microenvironment in vivo should be taken into consider-
ation when designing and preparing the 3D ENF-S with
functional structure and properties.
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Titanium and its alloys are widely used in blood-contacting implantable and interventional medical devices; however, their
biocompatibility is still facing great challenges. In the present study, in order to improve the biocompatibility and antibacterial
activities of titanium, TiO2 nanotubes were firstly in situ prepared on the titanium surface by anodization, followed by the
introduction of polyacrylic acid (PAA) and gentamicin (GS) on the nanotube surface by layer-by-layer assembly, and finally,
zinc ions were loaded on the surface to further improve the bioactivities. The nanotubes displayed excellent hydrophilicity and
special nanotube-like structure, which can selectively promote the albumin adsorption, enhance the blood compatibility, and
promote the growth of endothelial cells to some degree. After the introduction of PAA and GS, although the superhydrophilicity
cannot be achieved, the results of platelet adhesion, cyclic guanosine monophosphate (cGMP) activity, hemolysis rate, and
activated partial thromboplastin time (APTT) showed that the blood compatibility was improved, and the blood compatibility
was further enhanced after zinc ion loading. On the other hand, the modified surface showed good cytocompatibility to
endothelial cells. The introduction of PAA and zinc ions not only promoted the adhesion and proliferation of endothelial cells
but also upregulated expression of vascular endothelial growth factor (VEGF) and nitric oxide (NO). The slow and continuous
release of GS and Zn2+ over 14 days can significantly improve the antibacterial properties. Therefore, the present study provides
an effective method for the surface modification of titanium-based blood-contacting materials to simultaneously endow with
good blood compatibility, endothelial growth behaviors, and antibacterial properties.

1. Introduction

Blood-contacting implantable and interventional medical
devices, such as artificial heart valves and vascular stents,
have saved thousands of lives [1, 2]. Titanium and its
alloys have been widely used in blood-contacting medical
devices, but they still face great challenges in clinical appli-
cations, such as inflammation, thrombosis, and infection.
Generally speaking, ideal implants should have the abilities
to integrate and communicate with surrounding tissues or
cells, trigger specific cell responses and maintain the func-

tion of tissues and organs, and prevent infections caused
by microorganisms after the implantation [3, 4]. In this
regard, surface functionalization represents one of the
straightforward and effective methods to endow biomate-
rials with excellent properties and functions [5–7]. Accord-
ing to the mechanism of the interactions between the
implant and the surrounding physiological microenviron-
ment, the introduction of bioactive substances on the
surface by physical or chemical conjugation can endow
the inert biomaterial with good biological activities, so as
to regulate the cell-material interaction behaviors, induce
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specific cell responses, and prevent the infection caused by
implantation [8–11].

Although great progress has been made in the surface
functionalization of titanium-based biomaterials, there are
still many issues to be solved, including the delayed surface
endothelialization, thrombosis, and infection after implanta-
tion [12, 13]. Studies have shown that the surface properties
of the implant are related not only to the surface bioactivities
but also to the surface topographies. In recent years, the
nanomaterials with special tubular structure have attracted
great attention in the blood-contacting biomaterials [14].
Anodization is a surface modification technology that can
in situ prepare nanotubes on the titanium surface [15, 16].
The as-prepared nanotubes not only do not change the
mechanical properties of bulk materials but also provide an
excellent platform for loading bioactive molecules to enhance
the surface bioactivities [17–19]. Our previous results
showed that the anodized TiO2 nanotubes with the different
dimensions have different effects on hemocompatibility and
endothelial cell behaviors, demonstrating that the interfacial
biological behaviors between the implanted materials and
tissues can be regulated by the surface morphologies [20].
Therefore, loading the bioactive factors into the nanotubes
can further enhance the biocompatibility from two aspects
of surface bioactivities and surface morphologies.

Zinc is the second most abundant trace element in the
human body, which participates in a large number of physi-
ological reactions and is an important substance involved in
cell growth behavior and cell function expression [21]. Zinc
ions also play an important role in the cardiovascular system,
and it can prevent local vascular ischemia and vascular
infarction [22]. Zinc deficiency is closely related to athero-
sclerosis, and zinc can protect the integrity of the vascular
endothelium by preventing nuclear factor apoptosis and
inflammation-related genes [23]. Moreover, zinc ions can
induce bacterial apoptosis by changing the charge balance
of bacteria [24]. Therefore, the loading of zinc ions into the
anodized TiO2 nanotubes can not only improve the anticoag-
ulant and antibacterial activities but also promote the growth
of endothelial cells.

In addition, intravascular devices should have good anti-
bacterial properties because the implant-centered infection is
often one of the important reasons of the implantation failure
[25]. Loading or immobilization of antibacterial substances
on the surface is an important approach to endow devices
with antibacterial properties [26]. Polyacrylic acid (PAA) is
a cheap and environmentally friendly water-soluble organic
polymer. The carboxylic acid groups of PAA can absorb a
large number of metal ions, drugs, and other positively
charged substances, so it is widely used in the field of bioma-
terials [27]. Gentamicin (GS), a widely used antibacterial
substance in the clinic, is a kind of aminoglycoside, and it
has a broad spectrum of antimicrobial activity and especially
has excellent antibacterial activity for Gram-negative bacteria
[28]. Therefore, in the present study, we first prepared TiO2
nanotubes on the titanium surface by anodization, and then,
PAA was further introduced on the surface followed by load-
ing GS through layer-by-layer (LBL) and zinc ions with the
help of carboxylic acid groups of PAA. The results indicated

that PAA and the continuous released zinc ions can signifi-
cantly improve the anticoagulant and endothelial cell growth,
and the excellent and long-lasting antibacterial properties
can be achieved through the release of GS and zinc ions.

2. Materials and Methods

2.1. Preparation of TiO2 Nanotubes on Titanium Surface.
Titanium plates (TA2) with a diameter of 15mm and a thick-
ness of 2mm were successively polished with sandpapers of
400#, 800#, 1200#, 1500#, and 2000# and then polished to
the mirror with a polishing machine. After being ultrasoni-
cally cleaned for 10min with acetone, ethanol, and deionized
water, the titanium plates were immersed in 50mL electro-
lyte (ethylene glycol solution containing 0.25%wt NH4F
and 6mL deionized water) to anodize 3 h at 30V using the
plate as the anode. After anodization, the plates were cleaned
ultrasonically for 30min in ethylene glycol solution and for
5min in ethanol. In order to change the synthesized TiO2
nanotubes into an anatase-type structure, the sample was
dried and heat-treated at 500°C in air for 3 h and named
TNT.

2.2. Loading GS and Zn2+ on TiO2 Nanotubes. The TNT sam-
ples were firstly immersed in 2mg/mL dopamine solution
(pH8.0) for 12h and then washed with the deionized water.
The process was repeated three times, and the as-prepared
samples were named as TNT-Dopa. The TNT-Dopa samples
were immersed in a polyethyleneimine (PEI) solution
(5mg/mL, pH10.0) for 30min. After cleaning, the sample
was immersed in 1mg/mL PAA solution (pH7.4) for
10min, and the obtained sample was labelled as TNT-PAA.
For loading gentamicin (GS), the TNT-PAA sample was
alternately immersed in GS (1mg/mL) and PAA solutions
(1mg/mL), and the process was repeated 10 times; the
obtained sample was named as TNT-PAA/GS, and the
outermost layer was PAA. Finally, the sample was immersed
in 1M ZnSO4 for 2 h to load Zn2+, and the final sample was
labelled as TNT-PAA/GS-Zn.

2.3. Sample Characterization. The surface morphologies of
the samples were observed by scanning electron microscopy
(SEM, FEI Quanta 250). The changes of chemical groups
on the surface were examined by attenuated total reflection
Fourier transform infrared spectroscopy (ATR-FTIR, TEN-
SOR 27, Bruker of Germany); the measurements were carried
out at room temperature, and the scanning range was from
650 cm-1 to 4000 cm-1. The surface atomic concentrations of
the different samples were measured by X-ray photoelec-
tron spectroscopy (XPS, VG Science, East Grinstead,
UK). Water contact angle measurement (DSA25, Krüss
GmbH, Germany) was used to characterize the surface
hydrophilicity, and five parallel samples were measured
and averaged.

2.4. Protein Adsorption. The adsorption behaviors of fibrino-
gen (FIB) and bovine serum albumin (BSA) were measured
by the BCA method. The samples were firstly immersed in
ethanol for 30min and then in phosphate buffer (PBS) for
10 h. After that, the samples were placed into 1mg/mL BSA
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solution and 1mg/mL FIB solution for 2 h at 37°C, respec-
tively. After washing twice by PBS, the sample was put into
2mL SDS (sodium dodecyl sulfate, 1%wt) solution for
ultrasonic desorbing for 30min. We take 150μL eluent
and 150μL BCA working solution (reagent A : reagent B :
reagent C = 25 : 24 : 1) to react 1 h at 60°C, and then 200μL
mixing solution was transferred into a 96-well plate to
measure the absorbance at 562 nm by the microplate reader
(BioTek, Eons), and the adsorption amount of protein was
calculated according to the standard curve.

2.5. Release Profiles of GS and Zn2+. The TNT-PAA/GS-Zn
sample was immersed in 5mL 37°C PBS solution for 1 h,
3 h, 5 h, 7 h, 1 d, 3 d, 7 d, and 14d, and then, 200μL solution
was transferred into the 96-well plate. The absorbance at
562nm was measured by a microplate reader (BioTek, Eons),
and the release amount of GS was calculated according to the
standard curve. The concentration of zinc ions was measured
by an inductively coupled plasma emission spectrometer
(Optima 7000 DV), and the release concentration was calcu-
lated according to the standard curve. Three parallel samples
were measured and averaged, and the release profiles were
further plotted.

2.6. Blood Compatibility

2.6.1. Hemolysis Assay. The hemolysis rate was measured
according to the ISO10993-4 standard. Fresh human blood
from a healthy volunteer was centrifuged at 1500 rpm for
10min to obtain the red blood cells. The red blood cells were
prepared into 2% suspension with physiological saline. The
samples were incubated 1 h in the suspension solution at
37°C. The solution was then centrifuged 5min at 3000 rpm.
We take 100μL supernatant into a 96-well plate, and the
absorbance (A) was measured at 450nm by the microplate
reader. Under the same conditions, the absorbance value
(B) of the mixed solution of 2% red blood cells and 98%
normal saline was measured as the negative control, and
the absorbance value (C) of the solution of 2% red blood
cells and 98% deionized water was recorded as the positive
controls. Three parallel samples were measured, and the
values were averaged. The hemolysis rate was calculated
according to the following formula.

Hemolysis rate %ð Þ = A − B
C − B

× 100%: ð1Þ

2.6.2. Adhesion and Activation. Fresh healthy human whole
blood was centrifuged at 1500 rpm for 15min to obtain
platelet-rich plasma (PRP). 200μL PRP was fully covered
on each sample surface to incubate 2 h at 37°C, and then,
the samples were rinsed thrice with PBS. The adherent plate-
lets were fixed with 2.5% glutaraldehyde (in PBS buffer) for
24 h and then rinsed with PBS. The samples were successively
dehydrated with 30%, 50%, 75%, 90%, and 100% ethanol
solutions for 10min each, and the samples were dried in
the air. After spraying gold on the surface, the morphologies
of the platelets were observed by SEM (FEI Quanta 250). Five
SEM images with small magnification (×1000) were ran-

domly selected for calculating the number of platelets, and
the values were averaged and expressed as platelets per mm2.

For the platelet activation assay, an enzyme-linked
immunosorbent assay (ELISA kit, Beyotime Biotechnology,
Shanghai, China) was used to measure the activity of cGMP
(cyclic guanosine monophosphate) secreted by platelets. In
brief, 200μL PRP was dropped on each sample surface to
cover the whole surface. After incubating at 37°C for 2 h,
the plasma on the surface was diluted 5 times; subsequently,
the plasma was transferred to the enzyme plate for culturing
30min at 37°C. 50μL of enzyme-labeled reagent was added
to each well, cultured at 37°C for 30min. Then, 50μL chro-
mogenic agent A and 50μL chromogenic agent B were added
to each well and kept away from light for 10min at 37°C.
Finally, the terminating solution was added to stop the
reaction. The absorbance at 450 nm was measured, and the
concentration of cGMP was calculated according to the
standard curve.

2.6.3. APTT. Fresh human anticoagulant whole blood was
centrifuged 15min at 3000 rpm to obtain platelet-poor
plasma (PPP). 100μL PPP was covered onto the sample sur-
face and cultured 15min at 37°C. Subsequently, 50μL PPP
and 50μL APTT reagent (Sysmex, Japan) were added into
the test tube and cultured at 37°C for 3min. 50μL 0.025M
CaCl2 solution was finally added. The clotting time was mea-
sured by an automatic coagulation meter (CA-1500, Sysmex,
Japan), and the average values of three parallel samples were
measured.

2.7. Endothelial Cell Growth Behaviors

2.7.1. Cell Adhesion and Proliferation. The samples were
firstly placed in a 24-well culture plate and sterilized over-
night with ultraviolet light on the superclean table, and then,
0.5mL endothelial cell suspension (5 × 104 cells/mL) and
1.5mL cell culture medium (DMEM/F-12 supplemented
with 10% fetal bovine serum and 1% penicillin-streptomycin,
HyClone) were added to each sample surface. After incubat-
ing at 37°C and 5% CO2 for 1 and 3 days, respectively, the
samples were washed with PBS for 3 times. Each sample
surface was stained with 200μL rhodamine (in PBS, 1 : 400)
for 20min and then washed with PBS for 3 times. Finally,
200μL of DAPI (PBS, 1 : 400) was added to the surface for
3min. After being washed 3 times with PBS, the cells were
observed by fluorescence microscopy (Zeiss, inverted A2).

For cell proliferation, endothelial cells were cultured in
the same way as mentioned above. After 1 and 3 days, the
samples were washed with PBS for 3 times. 0.5mL CCK-8
(Sigma-Aldrich, Shanghai, China) solution (10% in cell cul-
ture medium) was added and incubated in a 37°C incubator
for 3.5 h. After that, 200μL medium was transferred into a
96-well plate, and the absorbance at 450 nm was measured
by a microplate reader (BioTek, Eons) to determine the
proliferation activity of endothelial cells.

2.7.2. NO and VEGF Expression. The NO release from
endothelial cells was measured by the Griess method. The
endothelial cells were cultured on the sample surface for 1
day and 3 days, the supernatant was added to the 96-well
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plate, and then, Griess Reagents I and II (Beyotime Bio-
technology, Shanghai, China) were added successively. The
absorbance at 540nm was determined by a microplate
reader, and the NO concentration was calculated according
to the standard curve.

For the VEGF assay, according to the instructions of the
enzyme-linked immunosorbent assay kit (Jiangsu Enzymatic
Immunity Industry Co., Ltd.), endothelial cells were cultured
on the sample surface for 1 day and 3 days, and then, the
supernatant was absorbed to dilute 5 times and finally added
to the enzyme plate. After being incubated at 37°C for 30min,
50μL of the enzyme labeled reagent was added and incubated
at 37°C for another 30min, and then, 50μL chromogenic
agent A and 50μL chromogenic agent B were added to each
well to react 10min at 37°C in the dark. Finally, the terminat-
ing solution was added to stop the reaction, and the OD value
at 450nm was determined by a microplate reader. Three
parallel samples were measured and averaged. The VEGF
concentration was determined according to the standard
curve.

2.8. Antibacterial Activities

2.8.1. Bacterial Adhesion. Escherichia coli (ATCC 25922;
HuanKai Microbial, Guangzhou, China) was cultured in the
mixture of 0.2% liquid medium (5 g/L yeast extract and
10 g/L tryptone) and 99.8% 10 g/L NaCl solution for 20h;
10mL solution was centrifuged at 2000 rpm for 3min and
then dispersed evenly. The bacterial solution was diluted 10
times, and 50μL bacterial suspension was dropped on the
sample surface to culture 2 h. The sample was then washed
3 times with PBS and fixed 2.5 h with 2.5% glutaraldehyde
solution, followed by washing the sample with PBS, and
finally dehydrated with 50%, 70%, 90%, and 100% ethanol
solutions for 10min each time. After spraying gold on the

sample surface, the adhered bacteria were observed by SEM
(FEI Quanta 250).

2.8.2. Antibacterial Activities. Escherichia coli (ATCC 25922)
was cultured overnight as mentioned above; 10mL bacteria
solution was taken and centrifuged at 1300 rpm for 5min to
determine the survival and number of bacteria. The sample
was placed into a 12-well plate, and then, 500μL bacterial
solution was added. After being cultured at 37°C for 30min,
1500mL sterilized deionized water was added and continued
to culture at 37°C for 24 h. 50μL of bacterial liquid was evenly
covered on the surface of the solid medium. After being cul-
tured at 37°C overnight, the bacteria was observed by taking
pictures using a Huawei Mobile (Nova 6).

2.9. Statistical Analysis. Statistical analysis was performed
using the SPSS software. All data were expressed as mean ±
standard derivation (SD) and statistically analyzed using
one-way analysis of variance (ANOVA). p < 0:05 is consid-
ered to be statistically significant. All of the tests were
conducted with no less than three parallel samples.

3. Results and Discussion

3.1. Surface Characterization. Figure 1 shows the representa-
tive SEM images of the titanium dioxide nanotubes modified
by the different bioactive factors. It is obvious that after dif-
ferent surface modification processes, the surface nanotube
structure remains intact. Compared with TNT-Dopa, the
surface immobilization of PAA and the loading of GS and
Zn2+ gradually reduced the diameter of the nanotube and
increased the thickness of the tube wall. Furthermore, the
chemical group changes on the surface were examined by
ATR-FTIR. It can be seen from Figure 2(a) that there was
almost no infrared absorption on the unmodified titanium

TNT-Dopa 

TNT-PAA/GS

1 𝜇m

TNT-PAA

TNT-PAA/GS-Zn

1 𝜇m

1 𝜇m 1 𝜇m

Figure 1: The representative SEM images of surface-modified titanium oxide nanotubes on the titanium surfaces.
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surface. Our previous work showed that the anodized TiO2
nanotubes have a small amount of hydroxyl on the surface
[20], but it cannot be directly used to immobilize the bioac-
tive molecules. Dopamine can self-polymerize on the sur-
faces of almost all solid materials to form polydopamine,
which is widely used in the surface modification of biomate-
rials. The polydopamine coating can easily react with amine
or thiol through Michael addition reaction and Schiff base
reaction to introduce bioactive substances on the surface.
PEI contains rich amine groups and has a large number of
positive charges, so it can easily react with polydopamine to
form a positively charged surface. PAA is a kind of polymer
with rich negative charges and good biocompatibility, which
can combine with GS or zinc ions. Therefore, GS and zinc
ions can be loaded on the surface by the electrostatic interac-
tion between PEI and PAA. The results of Figure 2(a) show
that the stretching vibration and in-plane bending vibration
of the -NH bond and -OH bond appeared on the TNT-
Dopa surface at 1590 cm-1 and 3300 cm-1, respectively, and
the stretching vibration of the -OH bond occurred at around
3700 cm-1, indicating that the polydopamine coating had
been successfully prepared on the surface. After grafting of
PEI, the in-plane bending vibration and stretching vibra-
tion of the -CH2 bond can be observed at 1462 cm-1 and
2832 cm-1, and the bending vibration of the -NH bond of
the primary amine and secondary amine and the stretching
vibration of the C-N bond can be detected at 1200 cm-1 and
1656 cm-1, indicating that PEI had successfully covalently
linked with the polydopamine coating. For TNT-PAA/GS,
the stretching vibrations of the C=O bond and the -COOH
group appeared at 1519 cm-1 and 1694 cm-1, respectively,
suggesting that PAA and GS were successfully self-
assembled onto the PEI-modified surface. In order to further
clarify the surface element composition, the surface element
composition of the modified sample was further analyzed
by XPS. Figure 2(b) is the XPS diagram of the different sam-
ples, and the element compositions are shown in Table 1; it
can be seen that the characteristic peaks of C1s (285.2 eV)
and N1s (400.3 eV) appeared on the TNT-Dopa. After the

immobilization of PAA, the characteristic peak of O1s
(531.8 eV) increased obviously; concurrently, the characteris-
tic peak of C1s (285.2 eV) and carbon content on the surface
was reduced, indicating that PAA was successfully grafted
onto the surface. For the TNT-PAA/GS, the increased nitro-
gen content indicated that GS was successfully loaded on the
surface. The occurrence of the Zn2p peak (1020.9 eV) on
TNT-PAA/GS-Zn proved that the Zn ions were successfully
chelated to the surface.

3.2. GS and Zn2+ Release Profiles, Surface Hydrophilicity, and
Protein Adsorption. In order to characterize the release
profiles of gentamicin and Zn2+, TNT-PAA/GS-Zn was
immersed in the PBS solution for different times, and genta-
micin and Zn ions were collected to measure the release
kinetics curves. As can be seen from the release curve of
Figure 3(a), both gentamicin and zinc ions were released over
14 days. After being immersed in PBS solution for 4 h, the
release concentration of gentamicin reached 3.9μg/mL, and
the total release concentration was 13.54μg/mL at the 14th
day. Previous studies have shown that the working concen-
tration of gentamicin is 4-20μg/mL [29]; therefore, the con-
tinuous antibacterial activities can last at least 14 days. At the
same time, it can also be seen from Figure 3(a) that there was
an obvious burst release period of one day for gentamicin and
Zn2+. The release rate was relatively large before 1 day, and
gentamicin reached 5.5μg/mL, more than 40% of the total

1000150020002500
Wavenumber (cm–1)

30004000 3500

TNT-PAA/GS

TNT-PAA

TNT-Dopa
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TNT-PAA/GS
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Ti2p
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TNT-PAA/GS-Zn
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Figure 2: The ATR-FTIR spectra (a) and XPS spectra (b) of the different samples.

Table 1: The surface element concentration of the different samples
measured by XPS.

Sample
Atomic concentration (at.%)

Ti O C N Zn

Ti 61.12 29.86 9.02 0 0

TNT-Dopa 9.28 14.30 71.83 4.59 0

TNT-PAA 9.97 30.42 56.41 3.20 —

TNT-PAA/GS 3.27 31.77 56.20 8.76 —

TNT-PAA/GS-Zn 1.86 28.78 59.73 6.26 3.37
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release in 14 days. After one day, the release rates of gentami-
cin and zinc ions became stable. After 14 days, the total
concentration of zinc ion was 0.63mg/L. It was reported that
zinc ion concentration of 0.49-5.2mg/L can promote cell
viability, proliferation, adhesion, and migration; therefore,
the released Zn2+ content was within the range of cell physi-
ological concentration.

Biomaterials should have good surface properties to
avoid adverse host reactions after contact with organisms
[30], in which wettability is an important factor affecting
interface biological reactions [31]. The surface hydrophilici-
ty/hydrophobicity is closely related to the protein adsorption

and biocompatibility. Generally speaking, the good wettabil-
ity is helpful to prevent the nonspecific protein adhesion and
promote the cell adhesion and proliferation [32]. As can be
seen from Figure 3(b), the water contact angle of the blank
titanium decreased obviously after anodizing; it was consid-
ered that the introduction of a large amount of oxygen ele-
ments and the special nanoporous structure can contribute
to the excellent hydrophilicity. Due to the introduction of
hydrophilic amine groups after the immobilization of dopa-
mine, TNT-Dopa still had excellent hydrophilicity. However,
after the immobilization of PAA, the water contact angle
increased significantly, which was mainly because the porous
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Figure 3: (a) GS and Zn2+ release profiles of TNT-PAA/GS-Zn. (b) The water contact angles of the different samples. (c, d) show BSA and
fibrinogen adsorption of the different samples, respectively. Statistical differences are indicated by ∗p < 0:05 compared with the Ti group and
∗∗p < 0:05 compared with the Ti and TNT groups.
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structure on the surface was filled to some extent after the
immobilization of PEI and PAA (as shown in Figure 1),
which partially changed the surface morphology and made
it difficult for water molecules to enter the interior of the
nanotubes, so the contact angle increased. After GS load-
ing, the surface porous structure was further filled, and
thus, the water contact angle also increased although the
hydrophilic carboxyl groups were introduced. Finally,
because the positively charged zinc ions can chelate with
the hydrophilic -COOH groups on the surface, combining
with the further porous filling, the water contact angle
increased further.

It is well known that protein adsorption is the first event
when biomaterials contact blood, and it plays a decisive role
in the blood compatibility [33]. Albumin and fibrinogen are
the two main proteins in the blood. In general, albumin
adsorption can reduce platelet adhesion. On the contrary,
the adsorption of fibrinogen could increase the platelet
adhesion and activation. Figures 3(c) and 3(d) show the
adsorption concentrations of bovine serum albumin (BSA)
and fibrinogen (Fib) on the different surfaces. As compared
to the pristine titanium, the anodized titanium surface can
enhance albumin adsorption, while the fibrinogen adsorp-
tion decreased to some degree, indicating that the nanotube
array can selectively adsorb albumin. It was considered that
the behaviors of protein adsorption were related to the sur-
face wettability, surface morphologies, and surface charges
[34]. The study showed that when the water contact angle
is less than 110°, fibrinogen would preferentially be adsorbed
on the hydrophobic surface [35]. At the same time, the super-
hydrophilic surface is obtained by anodization, which is ben-
eficial to the adsorption of hydrophilic albumin; moreover,
the anodized surface has negative charges due to the intro-
duction of a large amount of hydroxyl groups, which is also
beneficial to the adsorption of positively charged albumin.
The polydopamine has very strong stickiness to lysine-rich
proteins [36], so the content of BSA and fibrinogen adsorbed
on TNT-Dopa surface increased significantly. It has been
shown that the immobilization of polyacrylic acid on the sur-
face can repel the nonspecific protein adsorption because of
the hydration layer formed by PAA and the negatively
charged character of PAA [37]. Therefore, after the immobi-
lization of PAA on TNT-Dopa, both BSA and fibrinogen
adsorption decreased significantly. However, it was worth
noting that BSA adsorption returned to the level of titanium
oxide nanotubes, while fibrinogen adsorption was slightly
higher than that of TNT. Furthermore, after loading GS by
the layer-by-layer technique, due to the further increase of
hydrophobicity, the adsorption content of BSA did not
change significantly, but the adsorption amount of fibrino-
gen decreased, indicating that with the increase of self-
assembly layers, the introduction of a large number of PAA
increased the content of negative charges on the surface, so
that the negatively charged fibrinogen was not easily
adsorbed on the PAA surface, resulting in the decreased
fibrinogen adsorption. The zinc ions can chelate with the car-
boxyl group of PAA to reduce the surface hydrophilicity; at
the same time, zinc ion loading reduced the content of nega-
tive charges on the surface, so BSA adsorption increased

slightly, while the adsorption capacity of fibrinogen further
decreased.

3.3. Blood Compatibility. Blood compatibility refers to the
required response of blood to exogenous substances or mate-
rials, which generally refers to the compatibility between
materials and various components of blood [38]. Generally
speaking, blood compatibility includes three aspects: the
interaction between materials and plasma proteins, the inter-
action between materials and blood cells, and the interaction
between materials and coagulation factors.

Platelets are one of the main components of the human
blood. Its main functions are clotting and hemostasis as well
as repairing damaged blood vessels. The platelet adhesion to
the biomaterial surface is a key event of coagulation. Platelet
adhesion, aggregation, and activation will promote blood
coagulation. Therefore, the biomaterials with good blood
compatibility should have the role of maintaining normal
platelet physiological function and can effectively prevent
platelet adhesion, aggregation, and activation [39]. At the
same time, the increase of cGMP released from platelets
can inhibit platelet activation [40]. In this paper, the adhesion
and aggregation of platelets were observed by SEM, and the
platelet activation was evaluated by measuring the cGMP
activities. The results are shown in Figures 4(a)–4(c). There
were a large number of platelets adhered to the blank tita-
nium surface, and the adhered platelets displayed the spread
state and extended pseudopodia, indicating that the platelets
on the titanium surface may have been activated; the results
of cGMP further proved this point. After anodization, the
number of platelets adhered to the surface was significantly
reduced. On the one hand, the anodized TiO2 nanotube
arrays had excellent hydrophilic properties, which can reduce
platelet adhesion and aggregation; on the other hand, the
selective adsorption of albumin by the TiO2 nanotube con-
tributed to not only reduce platelet adhesion and aggregation
but also promote the expression of cGMP (Figure 4(c)), lead-
ing to the improved blood compatibility. For TNT-Dopa,
although its hydrophilicity was still excellent, compared with
TNT, the number of platelets adhered to the surface was still
significantly increased, while the expression of cGMP was
also decreased, which could be due to the fact that the
polydopamine coating had the ability of nonspecific protein
adsorption which can significantly increase the fibrinogen
adhesion to the surface so as to enhance platelet adhesion
and activation. Compared with the blank titanium and
TNT, the number of platelets on the TNT-PAA/GS surface
decreased sharply, and the expression of cGMP also
increased, indicating that the anticoagulation was enhanced.
It was considered that PAA itself is a substance with good
blood compatibility and can effectively reduce fibrinogen
adsorption [41]. When zinc ions were loaded on the surface,
the adsorption amount of fibrinogen further decreased, while
the albumin adsorption increased, which not only reduced
the adhesion and aggregation of platelets but also increased
the cGMP release and inhibited platelet activation. On the
other hand, zinc ions can make platelets produce more NO
signals which can prevent platelet adhesion and aggregation
by inhibiting the thromboxane A2 (TXA-2) receptor [42].
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Figure 4: SEM images (a) and the number (b) of the platelets adhered on the different samples. (c–e) show the cGMP concentration of the
attached platelets, hemolysis rate, and APTT of the different samples, respectively. Statistical differences are indicated by ∗p < 0:05 compared
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Therefore, the loading of zinc ions on the surface further
improved the blood compatibility.

The effects of the different materials on red blood cells
were further studied. Hemolysis rate is one of the impor-
tant methods to characterize the interaction between mate-
rials and red blood cells. According to the international
ISO10993-4 standard, the hemolysis rate (HR) above 5%
is not suitable to be used as a blood-contacting material.
Figure 4(d) shows the hemolysis rates of the different sam-
ples. The hemolysis rates of all samples were less than 5%,
indicating that none of them could cause severe hemolysis.
The hemolysis rate of TiO2 nanotubes was lower than that
of pure titanium, but the hemolysis rate increased slightly
after the preparation of polydopamine coating. When the
composite film of PAA and GS was prepared and the zinc
ion was loaded, the hemolysis rate further decreased sig-
nificantly, indicating that PAA and zinc ions can improve
the blood compatibility.

Generally speaking, when the biomaterial interacts with
human blood, blood coagulation may happen. Blood coagu-
lation is a complex chain process involving a series of stimu-
lus responses in conjunction with coagulation factors and
enzymes, whose intent is to stop blood fluxes when a vascular
tissue injury occurs [43]. According to the difference of the
initial pathway and participating factors, blood coagulation
can be divided into two pathways: endogenous coagulation

and exogenous coagulation. Among them, the endogenous
coagulation pathway is initiated by the activation of factor
XII [44], and the activated partial thromboplastin time
(APTT) is an important method reflecting the endogenous
coagulation pathway, especially the activity of coagulation
factor XII [45]. Figure 4(e) shows the APTTs of the different
samples. It can be seen that the clotting time of blank tita-
nium was shorter than that of normal plasma, indicating that
it may promote blood coagulation to a certain extent. How-
ever, the clotting time of the anodized titanium was longer
than that of normal plasma, suggesting that the surface of
the TiO2 nanotube had good anticoagulation performance.
Although the clotting time decreased after dopamine surface
modification, the clotting time was significantly prolonged
after the immobilization of PAA and the loading of GS and
Zn2+, indicating that the subsequent surface modification
improved the anticoagulant properties of the materials.

3.4. Endothelial Cell Growth Behaviors. Figures 5(a) and 5(b)
show the fluorescent images, and the CCK-8 values of endo-
thelial cells adhered to the different surfaces. It can be clearly
seen that the number of cells that adhered to the surface of
the blank titanium was less than that of other modified sam-
ples. After anodizing, the number of adherent cells on the
surface increased, and the morphologies of adherent cells dis-
played the spread state; its proliferation was also improved
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Figure 5: The fluorescent pictures of endothelial cells adhered to the surfaces of different samples (a). CCK-8 values (b), VEGF (c), and NO
(d) activities of endothelial cells grown on the different sample surfaces for 1 and 3 days, respectively. Statistical significance of p < 0:05 is
indicated by ∗ as compared with the Ti group and by ∗∗ as compared with the Ti and TNT groups.

9Stem Cells International



RE
TR
AC
TE
D

(Figure 5(b)). It can be concluded that the surface became
more hydrophilic after anodizing, which can improve cell
adhesion and proliferation on the surface through the
exchange and adsorption of extracellular matrix proteins
[46]; moreover, the special nanostructure also contributed
to cell adhesion and spreading. The polydopamine coating
on the surface can promote the adhesion and proliferation
of endothelial cells [47]. Therefore, the number of endothelial
cells adhered to TNT-Dopa increased significantly, and the
proliferation performance was further improved. After the
preparation of the first PAA layer on the PEI-modified
TNT surface, due to the cytotoxicity of PEI and the hydro-
phobicity of PAA, the adhesion of cells to the surface was
reduced, and the morphologies of cells did not spread well,
so the proliferation of endothelial cells decreased slightly.
When PAA and GS were deposited alternately for 10 times,
the thickness of the coating increased, which eliminated the
effect of PEI on cells. Therefore, the number of endothelial
cells attached on the surface increased again, and the spread-
ing and proliferation of endothelial cells were better than

those of TNT-Dopa. Zinc is an essential micronutrient for
human health, and Zn2+ homeostasis in cells is essential for
cell function and survival [48]. Zn2+ acts as the first or second
messenger and is the signal pathway that triggers physiolog-
ical functions. In our previous work, zinc ions were doped
into TiO2 nanotubes by the hydrothermal method. The
results showed that the release of zinc ions not only increased
the anticoagulant properties but also promoted the adhesion
and proliferation of endothelial cells [49]. In this study, the
zinc ions were loaded on the TNT surface by chelation with
PAA. The results of Figure 5 showed that the release of zinc
ions from the surface can significantly promote the adhesion
and proliferation of the endothelial cells.

Furthermore, the function expression of endothelial cells
was studied. Figure 5(c) shows the results of VEGF secretion
of endothelial cells on the different samples. It can be seen
that, compared with the blank titanium, anodization can
promote the expression of VEGF in endothelial cells. When
the polydopamine coating was prepared on the surface, due
to the enhancement on cell adhesion and proliferation,
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Figure 6: The bacterial adhesion (a) and antibacterial properties (b) of the different samples.
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endothelial cells could express more VEGF. For TNT-PAA
and TNT-PAA/GS, the amount of VEGF decreased slightly
as compared to TNT-Dopa, but it was not significant. After
zinc ion loading, the content of VEGF increased significantly,
indicating that the release of zinc ions can upregulate the
VEGF expression of the endothelial cells, which was condu-
cive to maintaining the growth of endothelial cells and pro-
moting the surface endothelialization of the implanted
materials. Figure 5(d) shows the NO secretion of endothelial
cells grown on the different samples. The NO content
released by endothelial cells on the surface increased after
anodizing. The NO content for TNT-Dopa was larger
because the polydopamine coating can promote the growth
of endothelial cells. After further preparation of the PAA film
and alternating deposition of PAA and GS, the growth state
of cells was slightly worse (Figure 5(a)). At the same time,
the content of VEGF release could also indirectly affect the
production of eNOS in endothelial cells, thus affecting the
release of NO [50]; therefore, the NO content decreased
slightly. However, it was worth noting that the loading zinc
ions can significantly promote the activity of intracellular
NO enzyme and promote the release of NO and thus enhance
the NO expression of endothelial cells.

3.5. Antibacterial Activities. Bacterial adhesion is widespread
in nature, and there are usually two antibacterial strategies:
killing bacteria and reducing bacterial adhesion [51]. In this
study, gentamicin and zinc ions were loaded into titanium
oxide nanotubes to prevent infection. Gram-negative bacte-
ria-Escherichia coli was used as a test strain to evaluate the
antibacterial properties of the modified material surface.
Figure 6(a) shows the SEM images of bacterial adhesion on
the different sample surfaces. It can be seen that although
titanium had good biocompatibility to endothelial cells, its
antibacterial adhesion property was poor, and there were a
large number of Escherichia coli adhering to the surface. In
contrast, the property of nonspecific protein adsorption
caused by the excellent hydrophilicity of the nanotubes and
a small number of negative charges on the surface could
contribute to inhibit the adhesion of negatively charged
Escherichia coli. The same with the cell results, polydopamine
coating could make Escherichia coli adhere to the surface
easily; therefore, compared with the TNT sample, the adsorp-
tion of bacteria on TNT-Dopa increased. When PAA was
prepared on the surface, the number of negative charges
increased, which reduced the adhesion of Escherichia coli to
the surface. Moreover, after the multilayer film of PAA and
GS was prepared, the increased negative charges on the sur-
face and the continuous GS release could further prevent
the negatively charged Escherichia coli to stay on the surface.
Due to the antibacterial and bactericidal activity of releasing
zinc ions [52], there was almost no bacterial adhesion on
TNT-PAA/GS-Zn. Figure 6(b) shows the antibacterial prop-
erties of the different samples, from which it can be seen that
pure titanium, TiO2 nanotubes, and dopamine coating had
poor bactericidal properties. After further immobilization
of PAA, the number of Escherichia coli colonies decreased
significantly, indicating that the PAA coating had certain
antibacterial properties. When the PAA and GS composite

coating was prepared, the release of GS could effectively kill
bacteria, so the number of observed colonies decreased sig-
nificantly. Finally, the zinc ion can also inactivate the protein
needed by bacteria and cause the condensation of DNA [53],
so the antibacterial activity was further improved after Zn2+

loading.

4. Conclusion

In this paper, PAA/GS-Zn multifunctional bioactive coating
was successfully prepared on the titanium surface with a
nanostructure. The specific nanotube structure and the fol-
lowing functionalization significantly influenced the surface
hydrophilicity, protein adsorption, blood compatibility, and
endothelial cell growth behaviors of the materials. TiO2
nanotubes had excellent hydrophilicity, but after the immo-
bilization of PAA and loading of GS and zinc ions, the hydro-
philicity became worse due to the decrease of the nanotube
diameter. The superhydrophilic TiO2 can selectively promote
albumin adsorption, while the immobilization of PAA and
the loading of GS and zinc ions can prevent the nonspecific
protein adsorption. At the same time, combining the good
blood compatibility and negative charged characteristics
of PAA with the physiological activity of zinc ions, PAA/
GS-Zn coating can not only significantly prevent platelet
adhesion, aggregation, and activation but also reduce the
hemolysis rate and increase the activated partial thrombo-
plastin time, thus significantly improving the blood compat-
ibility. In addition, the anodized nanotube array can promote
endothelial cell adhesion and proliferation and upregulate
expression of VEGF and NO. Although PAA/GS coating
can promote cell adhesion and proliferation and upregulate
NO expression, it cannot significantly promote the VEGF
expression. Loading Zn2+ can not only significantly promote
endothelial cell adhesion and proliferation but also upregu-
late the NO and VEGF expression. Finally, due to the
continuous and slow release of GS and zinc ions, the
surface-modified materials showed good antibacterial and
germicidal efficacy to Escherichia coli.
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Late thrombosis and restenosis remain major challenges to the safety of drug-eluting stents. Biofunctional modification to endow
the surface with selective anticoagulation and promote endothelium regeneration has become a hotpot recently. In this study,
chitosan and heparin were found to form three-dimensional nanoparticles by spontaneous electrostatic interaction. Based on
the specific binding properties between heparin and nerve growth factor (NGF), a new type of NGF-loaded heparin/chitosan
nanoparticles was constructed for surface modification. The results of material characterization show that the nanoparticles are
successfully immobilized on the surface of the material. In vitro blood compatibility and endothelial cell compatibility assay
showed that the modified surface could selectively inhibit platelet adhesion and smooth muscle cell overproliferation, while
accelerating endothelialization via promoting endothelial cell proliferation and enhancing endothelial progenitor cell
mobilization.

1. Introduction

Percutaneous coronary intervention by using drug-eluting
stent (DES) system is the main method for the treatment of
cardiovascular diseases. Commonly, DES is mainly com-
posed of metal stents, antiproliferative drugs (such as rapa-
mycin and paclitaxel), and polymer coatings. However, due
to the insufficient biocompatibility of polymers and the non-
specific effects of antiproliferative drugs, delayed endothelial
healing and chronic inflammation may occur after stent
implantation and raise the risk of late in-stent thrombus
and restenosis [1]. In this regard, the researchers suggest that
the biofunctional modification of the vascular stent surface
may contribute to improve the biocompatibility and reduce
the incidence of postoperative complications.

Vascular endothelium is the natural barrier between
blood and vascular tissue, which mediated the metabolic
exchange between blood and tissue and can synthesize a vari-
ety of bioactive substances to ensure the normal contraction
and relaxation of blood vessels as well as inhibit blood coag-
ulation and maintain the biological function of smooth mus-
cle cells [2, 3]. Therefore, it is widely accepted that the rapid
formation of a complete endothelium layer on stent surface
will be an ideal way to reduce the risk of complications after
implantation [4]. Since the discovery of endothelial progeni-
tor cells (EPCs), the mechanism of regeneration and healing
after vascular endothelium injury has been redefined as the
combined action of EC proliferation and migration from
the surrounding vascular tissue and EPC mobilization and
homing from the bone marrow. The process of
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endothelialization in vivo largely depends on the ordered
synergistic effect of cytokines and extracellular matrix pro-
teins on ECs and EPCs [5, 6]. Hence, various cytokines and
adhesive proteins including VEGF [7], SDF-1 [8], laminin
[9], collagen [10], and fibronectin [11] were incorporated
into material surface to accelerate endothelialization. How-
ever, as bioactive macromolecules, proteins and cytokines
have a short half-life in vivo and how to prevent the rapid
inactivation of biological macromolecules in vivo continues
to be problematic and needs to be solved urgently.

In recent years, multifunctional nanoparticle systems
have shown great potential in controlling the release of bio-
molecules and regulating the behavior of vascular cells. Com-
pared with other controlled release systems, the unique
nanoeffect of the nanoparticle system greatly increases its
drug loading capacity and can separate the active molecules
from the surrounding environment to avoid rapid deactiva-
tion. In this regard, the researchers proposed to build bio-
functional nanocoating with 3D structure on the surface of
cardiovascular materials to enhance the biological activity
and prolong the action duration of biomolecules, so as to
achieve long-term and effective regulation of intravascular
biological reactions [12]. Zhou et al. [13] covalently immobi-
lized VEGF-loaded polycaprolactone (PCL) nanoparticles on
acellular scaffolds and found that the nanocoating could
significantly reduce the sudden release of biomolecules and
promote the endothelialization of the material surface.
Mohammadi et al. [14] introduced heparin/chitosan nano-
particles on the surface of anodized NiTi alloy and proved
that the nanocoating can improve the surface blood compat-
ibility and endothelial cell compatibility through controlled
biomolecule release. In our previous study, a novel kind of
heparin/poly-l-lysine nanoparticles was constructed for stent
surface modification. We proved that this kind of nanocoat-
ing can effectively inhibit blood coagulation and reduce the
occurrence of restenosis [15, 16]. However, some defects
such as poor endothelial cell compatibility and significant
cytotoxicity of high molecular weight poly-l-lysine continue
to be resolved.

In this study, a new type of heparin/chitosan nanoparti-
cles loaded with nerve growth factor (NGF) was designed for
surface modification of cardiovascular materials. Chitosan
(CHS) is a kind of natural polycationic polysaccharide,
which has excellent antibacterial functions, promoting
injury repair and reducing inflammatory reaction. In
addition, CHS is also one of the most commonly used drug
carriers due to its remarkable advantages such as biocompat-
ibility, biodegradability, and easy chemical modification
characteristics [17, 18]. NGF is an important neurotrophic
factor, which plays an important role in maintaining the
normal function of vascular endothelial tissue [19]. Studies
have shown that NGF can promote the mobilization and
homing of vascular endothelial progenitor cells (EPCs),
showing the potential to accelerate the repair of vascular
endothelial injury [20, 21]. NGF is also a heparin-binding
protein; in this study, NGF was loaded into heparin/chitosan
nanoparticles via the specific interaction between NGF and
heparin to improve the cellular compatibility and accelerate
endothelialization. According to a series of material charac-

terization, in vitro blood compatibility and cellular compat-
ibility evaluation, this study has proved that the surface
modification of nanoparticles can effectively improve the
anticoagulant properties of materials and accelerate endo-
thelium regeneration.

2. Materials and Methods

2.1. Materials and Reagents. 316L stainless steel (316L SS)
was processed into round shape (Φ 10mm, ~1.2mm in
thickness) and mirror polished. Dopamine (DA), toluidine
blue O (TBO), and heparin (Hep) were purchased from
Sigma-Aldrich. Chitosan (CHS, deacetylation ≥ 95%), rhoda-
mine 123, and alcian blue were purchased from Shanghai
Aladdin BioChem Technology Co., LTD.

2.2. CHS/Hep Nanocoating Construction. Firstly, a certain
amount of CHS and Hep powder was dissolved in 0.1M acetic
acid/sodium acetate buffer (pH = 5), respectively. Then, equal
volume of CHS was added dropwisely to the Hep solution
(concentration ratio 1mg/ml : 7.5mg/ml) under magnetic stir-
ring at room temperature to obtain the CHS/Hep nanoparticle
suspension. For CHS/Hep@NGF nanoparticle preparation,
15mg/ml Hep was firstly mixed with equal volume of
200ng/ml NGF solution to obtain Hep@NGF mixture. The
polydopamine coating was prepared on the surface of 316L
SS (termed as SS-DA) according to the method described in
our previous work [16]. After that, SS-DA was immersed in
0.5ml CHS/Hep or CHS/Hep@NGF nanoparticle suspension
and incubated at room temperature with gently shaking for
12h to acquire the nanocoating (termed as SS-DA-NP or SS-
DA-NP@NGF).

2.3. Size and Zeta Potential Assay. The mean size and particle
dispersion index (PDI) as well as zeta potential of the pre-
pared nanoparticles were determined by dynamic light scat-
tering (DLS) using a ZETA-SIZER, MALVERN Nano-2S90
(Malvern Ltd., Malvern, UK).

2.4. FTIR and XPS Assay. Fourier transform infrared spec-
troscopy (FTIR) and X-ray photoelectron spectroscopy
(XPS) were used to detect the alteration of the surface chem-
ical structure and elemental composition during nanoparticle
immobilization. The FTIR assay was performed on a Nicolet
IS20 infrared spectrometer (Thermo, USA) using the model
of attenuated total reflection. Infrared adsorption between
4000 and 650 cm−1 was recorded at room temperature. The
XPS analysis was carried out by using VGESCALAB MK II
spectrometer with a monochromatic Mg Ka X-ray source
(1253.6 eV). The pressure of testing chamber was set as 8 ×
10−8 Pa. The scale of binding energy was referenced by
adjusting the C1s peak at 284.6 eV.

Table 1: Size and zeta potential of prepared nanoparticles.

Size (nm)
Zeta potential

(mV)
PDI

CHS/Hep NPs 147:8 ± 6:7 −25:6 ± 1:7 0:107 ± 0:011
CHS/Hep@NGF NPs 133:4 ± 5:5 −25:4 ± 1:2 0:069 ± 0:008

2 Stem Cells International



2.5. AFM Assay. The alteration of surface topography after
NP modification was determined by atom force microscopy
(AFM) (CSPM 6000, Being Nano-Instruments, China) in
tapping model at room temperature with subsequent image
analysis using CSPM Imager software. Before AFM analysis,
the samples were rinsed twice with UP water and the surface
was carefully blown dry.

2.6. Water Contact Angle Assay. The hydrophilicity of the
samples was determined by measuring the static water con-
tact angle using a Krüss GmbH DSA100 Mk 2 goniometer
at room temperature. A droplet of UP water was added to
the dried surface, and then, the contact angle was calculated
by a circle segment function of the DSA 1.8 software. At least
three different sites were taken into measurement for each
sample.

2.7. Quantitative Characterization of Hep and Amine Group.
The density of exposed amine group and heparin was deter-
mined by acid orange II (AO II) and TBO assay, respectively.
Detailed method was according to our previous study [16].

2.8. In Vitro Blood Compatibility Evaluation. Fresh whole
blood from a healthy volunteer was anticoagulated with
sodium citrate (3.8wt.%) at 9 : 1 and centrifuged at
1500 rpm for 15min to obtain platelet-rich plasma (PRP).
Next, 50μl PRP was added to each sample surface and incu-
bated at 37°C for 2 h. Subsequently, the samples were rinsed
gently with normal saline and used for morphology observa-
tion, lactate dehydrogenase (LDH) release, and P-selectin
expression assay. Detailed method was according to our
previous study [15].

2.9. In Vitro Cellular Compatibility Evaluation

2.9.1. EC and SMC Proliferation Assay. Endothelial cells
(ECs) were isolated from a human umbilical vein and cul-

tured in DMEM/F12 medium containing 15% fetal bovine
serum (FBS) and 20μg/ml endothelial cell growth supple-
ment (ECGS). Smooth muscle cells (SMCs) were isolated
from a human umbilical artery and cultured in DMEM/F12
medium (high glucose) containing 10% FBS. Before cell
seeding, the dopamine-coated samples were sterilized by
autoclaving, and the subsequent nanocoating construction
was carried out under sterile conditions.

For cell proliferation assay, ECs or SMCs were seeded on
the surface of each sample at the density of 5 × 104 cells/cm2

and incubated at 37°C under 5% CO2 for 1 day and 3 days. At
each time point, the supernatant was removed, and 500μl
fresh culture medium containing 10% CCK-8 reagent was
added and incubated for 4 h. Then, 200μl culture medium
was transferred to a 96-well plate, and the absorbance was
measured at 450nm. The samples were gently rinsed with
normal saline and fixed in 2.5% glutaraldehyde at room tem-
perature for at least 6 h. Subsequently, 50μl rhodamine 123
solution was added to the surface of each sample and incu-
bated at room temperature for 30min. Finally, the samples
were thoroughly rinsed with normal saline and the morphol-
ogy of adherent ECs was observed by inverted fluorescent
microscopy.

2.9.2. EPC Mobilization and Homing. The mobilization and
homing behavior of EPCs to the material surface induced
by the nanoparticle coating was studied in vitro by transwell
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Figure 1: Surface chemical composition determined by (a) FTIR spectra and (b) XPS wide-scan spectra. (a)~(d) refer to 316L SS, SS-DA, SS-
DA-NP, and SS-DA-NP@NGF, respectively.

Table 2: Surface elemental composition determined by XPS.

Samples C% N% O% S%

316L SS 69.30 5.76 24.83 0.12

SS-DA 74.74 7.98 17.27 0

SS-DA-NP 65.78 9.68 23.44 1.11

SS-DA-NP@NGF 63.58 11.87 23.68 0.87
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chamber method described by Liu et al. [22]. In detail, 3ml
fresh medium (α-MEM medium containing 10% FBS) was
added to a 6-well plate, and then, 2ml EPC suspension with
the density of 5 × 105 cells/ml was added to a 6-well Millipore
transwell chamber with a bottom membrane pore diameter
of 8μm. After incubation at 37°C for 2 hours, the sterilized
samples with a size of 2 × 2 cm2 were immersed in the
medium of 6-well plate and cultured at 37°C for 24 hours.
After that, the transwell chamber was rinsed gently with nor-
mal saline and then fixed at room temperature in 90% etha-
nol solution for 30 minutes. The cells in the upper layer of
the chamber were wiped with a wet cotton swab, and the
chamber was placed in 0.1% crystal violet solution and
stained at room temperature for 15 minutes. The cell mobili-
zation in the lower layer of the chamber was observed under
an inverted microscope.

2.10. Statistical Analysis. All the biological experiments were
performed at least three times. The statistical data was ana-
lyzed using SPSS 22.0 software. Statistical evaluation of the
data was performed using one-way ANOVA. The probability
value p < 0:05 was considered significant.

3. Results and Discussion

3.1. Size and Zeta Potential of NPs. As shown in Table 1, the
average particle size of CHS/Hep@NGF (133:4 ± 5:5 nm) was
slightly decreased compared with that of CHS/Hep
(147:8 ± 6:7 nm), which indicate that the incorporation of
NGF may enhance the compactness of nanoparticles. The
absolute value of zeta potential of both CHS/Hep and
CHS/Hep@NGF was greater than 20mV, indicating that
the particle system had adequate stability to avoid the settle-
ment caused by particle agglomeration. Besides, the PDI

(particle dispersion index) of CHS/Hep and CHS/Hep@NGF
was less than 0.2, indicating that the prepared nanoparticles
have excellent size uniformity.

3.2. FTIR and XPS. In this paper, FTIR and XPS were used to
detect the changes of chemical groups and element composi-
tion on material surface before and after the immobilization
of NPs. As shown in Figure 1(a), the peak at 1600 cm-1 in
the SS-DA spectrum represents the C=C bond of the benzene
ring, and the peak at 1502 cm-1 represents the π bond of the
benzene ring. New absorption peaks appeared in the infrared
spectra of CHS/Hep NP-modified samples. Among them, the
peaks at 1630 cm-1 and 1520 cm-1 refer to the stretching
vibrations of amide I band and amide II band. These peaks
mainly derived from the amides and amines in chitosan
molecules. Besides, the vibration peak of C-O-C bond can
be observed at 1062 cm-1, which indicates the existence of
heparin.

According to XPS result (Figure 1(b)), it was found that
the absorption peak of S2s and S2p could be observed in
the spectra of SS-DA-NP and SS-DA-NP@NGF, which dem-
onstrated the existence of heparin. Elemental calculation
results (Table 2) further proved the incorporation of NGF
may significantly increase the content of N element, while
the decrease of S element content may be related to the spa-
tial shielding effect caused by the interaction between NGF
and Hep. In summary, the above results show that CHS/Hep
and CHS/Hep@NGF NPs are successfully immobilized on
the surface of the material.

3.3. Morphology of NP-Modified Surface. The changes of sur-
face morphology of different samples were detected by AFM.
As shown in Figure 2, few numbers of particles could be
observed on the surface of SS-DA, which may be produced
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Figure 2: AFM images of CHS/Hep and CHS/Hep@NGF NP-modified surface.
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during the polymerization of dopamine. A large number of
nanoparticles appeared on the surface of the samples modi-
fied by CHS/Hep and CHS/Hep@NGF NPs, and the particle
size was in the range of 100 to 200nm, which was consistent
with the results of particle size detection. In addition, the
nanoparticles were uniformly distributed on the surface of
the sample, with no obvious particle agglomeration found.

3.4. Surface Hydrophilicity Characterization Result. As
shown in Figure 3(a), the water contact angle of SS-DA
was obviously increased compared with that of 316L SS,
which is mainly due to the hydrophobic structure of ben-
zene ring in dopamine coating. The immobilization of
CHS/Hep nanoparticles significantly improved the surface
hydrophilicity, mainly due to the rich hydrophilic groups
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Figure 3: (a) Water contact angle of different sample surfaces. Quantitative characterization result of (b) heparin and (c) amine group
exposing density (mean ± SD, N = 6, ∗p < 0:05 indicates significant difference).
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such as amino group, carboxyl group, hydroxyl group, and
sulfonic acid group in chitosan and heparin molecules.
The incorporation of NGF into the nanoparticles slightly

increased the water contact angle, which may be related
to the exposure of hydrophobic group outside the protein
structure.
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Figure 4: In vitro blood compatibility evaluation result. (a) Rhodamine 123 fluorescence staining of adherent platelets, (b) LDH release, and
(c) P-selectin expression level of platelets adhered on different sample surfaces (mean ± SD, n = 6, ∗p < 0:05 indicates significant difference
compared to 316L SS and SS-DA).
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The alteration of surface hydrophilicity may change the
protein adsorption type and conformation and then affect
its biocompatibility. In general, the surface with high hydro-
phobicity (water contact angle > 120°) may trigger irrevers-
ible adsorption of protein and destroy its conformation,
while the surface with high hydrophilicity (water contact
angle < 20°) will form water film on the surface, resulting in
protein desorption [23]. In this study, the water contact angle
of NP-modified surface was in the range of 40° to 60°, which
may promote the adsorption of adhesive plasma proteins and
thereby enhance cellular compatibility.

3.5. Quantitative Characterization of Heparin and Amine
Group. Figure 3(b) shows the quantitative characterization
results of heparin on NP-modified surface, in which SS-DA
was set as blank control. According to the calculation, the
exposure density of heparin on SS-DA-NP is 6:4 ± 1:7 μg/c
m2, while it slightly increased on SS-DA-NP@NGF-modified
surface (7:9 ± 1:2 μg/cm2). This may be attributed to the
increase of amino group density after incorporation of NGF
(Figure 3(c)), which may facilitate the covalent binding of
nanoparticles to dopamine coating.

Heparin is a kind of negative-charged polysaccharide
with superior anticoagulant property. According to previous
study, heparin exposing density in the range of 3-7μg/cm2

may contribute to improving the blood compatibility of the
material surface, prevent the occurrence of inflammatory
reaction, and promote the healing of endothelium layer [15].

3.6. In Vitro Blood Compatibility Evaluation. Figure 4(a)
shows the fluorescence staining results of platelets adhering
to the material surface for 2 hours in vitro. According to
the results, a large amount of platelets was observed on the
surface of 316L SS and SS-DA, and the adhered platelets were

aggregated seriously, indicating serious activation and poor
blood compatibility. In contrast, the adhesion density of
platelets on SS-DA-NP and SS-DA-NP@NGF surface was
greatly decreased, and the adherent platelets mainly dis-
played round shape, with almost no deformation and
pseudopodium, which indicates that the nanoparticle can
effectively reduce the activation of platelets and improve the
hemocompatibility. The results of LDH release
(Figure 4(b)) and P-selectin expression (Figure 4(c)) further
proved that the surface modified by CHS/Hep nanoparticles
could significantly reduce the adhesion and activation of
platelet (∗p < 0:05). Although the incorporation of NGF
increased the platelet adhesion density to some extent, it still
showed excellent anticoagulant properties compared with
316L SS and SS-DA.

3.7. In Vitro Cellular Compatibility Evaluation. Figure 5(a)
shows the fluorescence staining results of vascular endothe-
lial cells cultured on different sample surfaces for a certain
period of time. The results showed that after 1 and 3 days
of culture, the adherent endothelial cells on the surface of
316L SS and SS-DA showed typical cobblestone morphology,
indicating that the biological function of the cells was nor-
mal. However, on SS-DA-NP surface, ECs exhibit shrinkage
or round-shaped morphology, which indicated poor cell
adhesion and proliferation activity. In comparison, the mor-
phology of endothelial cells on SS-DA-NP@NGF surface was
normal, and the adhesion density was similar to that of 316L
SS and SS-DA. CCK-8 result (Figure 5(b)) further proved
that the cell proliferation activity on SS-DA-NP surface was
significantly decreased, but shows no obvious alteration on
SS-DA-NP@NGF surface.

Similar to that of ECs, the adhesion density and prolifer-
ation activity of SMCs on SS-DA-NP surface was
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Figure 5: Rhodamine 123 and DAPI fluorescence staining of adhered (a) ECs and (c) SMCs after culture of 1 day and 3 days. The
proliferation activity of (b) ECs and (d) SMCs was detected by CCK-8 assay (mean ± SD, n = 6, ∗p < 0:05 indicates significant difference
compared to 316L SS and SS-DA).
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significantly decreased compared with that of 316L SS and
SS-DA (Figures 5(c) and 5(d)). However, although the incor-
poration of NGF promotes the adhesion of the spreading of
SMCs to some extent (Figure 5(c)), the proliferation activity
was significantly lower (∗p < 0:05) compared with 316L SS
and SS-DA (Figure 5(d)).

The results of in vitro cytocompatibility evaluation
showed that the surface modified by CHS/Hep nanoparti-

cles was not conducive to the adhesion and growth of ECs
and SMCs, which was mainly related to the inhibitory
effect of heparin molecules on cell proliferation [24–26].
The introduction of NGF improved the adhesion and pro-
liferation behavior of the two kinds of cells to some extent,
but the enhancement extent was different for different
cells. In general, the surface of SS-DA-NP@NGF showed
the effect of selectively promoting the growth of
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Figure 6: Mobilization and homing behavior of EPCs induced by nanocoating. (a) Crystal violet staining image of EPCs that mobilized to the
bottom of the transwell chamber, and (b) cell counting result (mean ± SD, n = 6, ∗p < 0:05 indicates significant difference compared to SS-DA
and SS-DA-NP).
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endothelial cells and inhibiting the proliferation of smooth
muscle cells.

3.8. EPCMobilization and Homing.As shown in Figure 6, SS-
DA-NP@NGF has a significant chemotaxis effect on EPCs in
the transwell chamber. After 24 hours of cell culture, the
number of EPCs passing through the semipermeable bottom
membrane to the bottom of the chamber was significantly
higher than that in the SS-DA and SS-DA-NP control
groups. The crystal violet staining results showed that the
EPCs chemotactic by SS-DA-NP@NGF showed favorable
proliferation morphology, and the cell spreading and cover-
ing area were also significantly higher than those in the con-
trol group. The results indicated that SS-DA-NP@NGF offers
adequate capacity to induce the mobilization and homing of
EPCs to the material surface.

In summary, since the discovery of EPCs, the mechanism
of vascular endothelial injury healing has been redefined
based on the migration of ECs from the surrounding vascular
tissue and EPC homing at the injury site [27]. Although the
surface modified by chitosan/heparin NPs shows excellent
blood compatibility and the ability to inhibit the growth of
smooth muscle cells, insufficient property in promoting the
repair of endothelial injury continues to be problematic.
NGF is a growth factor that has been reported to stimulate
HUVEC proliferation and induce EPC mobilization and
homing [21, 28, 29]. In this study, it was found that NGF-
loaded NPs could effectively enhance the adhesion and pro-
liferation activity of ECs on the sample surface and showed
a strong chemotactic effect on vascular EPCs, indicating that
the NGF-loaded nanocoating could selectively inhibit blood
coagulation and intimal hyperplasia, while accelerating
endothelial regeneration.

4. Conclusions

In this study, CHS/Hep@NGF NPs were successfully pre-
pared by the electrostatic interaction among chitosan, hepa-
rin, and laminin and immobilized on the surface of
dopamine-coated stainless steel. The results of material char-
acterization showed that the NPs were uniformly immobi-
lized on material surface. Biological evaluation results
demonstrated that modified surface showed favorable capac-
ity to inhibit platelet adhesion and activation and contributed
to enhancing EC growth and preventing SMC overprolifera-
tion. This work has potential application for the design of
polymer-free coronary artery stent coating.
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