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Hypertrophic scars, characterized by exces-
sive cell proliferation, disordered cell growth, and aberrant / 4
deposition of collagens, could cause sigant clinical 7/ {or—
- . 'COLA1A1, COL3A1, COL5A1 & COL15A1
problems. Herein, aligned carbon nanotubes (ACNTSs T ‘/
were synthesizedia chemical vapor deposition, and bul s

ACNTs were pulled out from the arrays. The capacity of ,cyrs S ek \ ?
the ACNTs to reduce hypertrophic scar formation was \ o
evaluated bothin vitro and in viva The results =
demonstrated that the ACNTs suppressed the over- Y g |
proliferation of broblast cells, directed their growth, and s /

Scar model  Reduced hypertrophic scar,

inhibited collagen expressioin vitro without cell
cytotoxicity. Moreoverjn vivo evaluation in a rabbit ear @
model indicated relieved scar hypertrophy after the ACNTs
treatment. The gene expression microarray was further used to understand the mechanism, which showed that A(
could inhibit the TGF pathway to alter the components in the extracellular matrix, cell proliferation, cell cytoskeletol
and cell motility. These ndings may provide a potent strategy of using carbon nanotubes in the bioenginesdng

carbon nanotubes, alignment, reduce, hypertrophic scar, mechanism

s common complications after surgery, trauma, and butissue formation in the wound site. However, treatments ai

injuries, hypertrophic scars are intractable challenges far reducing hypertrophic scar formation, including surg

surgeon$>® People with excessive scarring usually fagerocedures, dressings, and drugs, are far from satiSfactory
physical and psychosocial consequences, for example, pruritUsgcently, aligned structure materials have shown ¢
sti ness, pain, diminished self-esteem, and meetahgir potential in tissue engineering. Aligned collagen hydrol
Scar formation typically includesammatory, proliferative, collagen bers, nanotopography sulals, and natural
and remodelling phaseBuring the inammatory phase, the synthetic polyblend narixers are reported to direct multiple
extrinsic clotting pathway is activated to fobmimhemostatic ~ cell growth and improve nerve regenerdtion.Aligned
plug, while the irmammatory cells and macrophages enter th@olymers and collagebers could act extracellular matrix
injury zone; this phase usually lasts for 3 days. The proliferatf@ature and promote the quiescent keratocyte phetStype,
phase begins with the formation of granulation tissue, whichwich hold the promise for scar prevention. Fiber alignee po
composed of macrophagbspblasts, and endothelial cells, andlactic acid scalds have also been proven potent in card
usually lasts forS3 weeks. Growth factors secreted fromregeneration and scar preveridihese studies suggest tha
macrophages can indubeoblast cells to proliferate, and these @ligned structure materials with propeer diameter and
cells can lay down collagens for the growth of endothelial ceiRferval are capable of inducing oriented cell growth. Howe
The remodelling phase lasts for 1 year, during which Type-ffte synthesis procedures of mentioned materials migh
collagen is degraded and replaced by Type-I c6fiaffen.

vital factors of reducing scar formation include theiesu October 19, 2017
inhibition of broblast overproliferation, the excessive deposix July 24, 2018
tion of collagen, and the promotion of well-structumexiis July 24, 2018
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Figure 1. Schematic illustration showing that the ACNTSs reduce hypertrophic scar formation. (a) The proliferation of cells and ECM deposition
were signicantly suppressed. The cells stretched and grew in an orientation parallel to the ACNT arrays. (b) A mechanism study revealed the
role of ACNTSs in suppressing cell proliferation and ECM deposition and in guiding the orientation of cell growth. The related gene regulations
were revealed (black arrowstopodia). (c) In vivoevaluation in a New Zealand rabbit model indicated that ACNTsiently reduced
hypertrophic scar formation.

relatively complicated and costly, which may hinder thiésr e placed on various kinds of substrate matériaEhese bulk
toward mass production. Furthermore, due to their nanoscaCNT arrays with various shapes in energy applications have
function monomers, solid swhte materials are usually been well demonstratéd:* The prospects of such ACNT
required to be attached on to extend their properties to thgulk materials in bioengineering, however, have not been fully
macroscopic scalé; which make it hard for the fabrication of explored.
dressings with various shapes. Herein, ACNTs were synthesized in a highly aligned, arranged
Due to their characteristic one-dimensional structure angtcture, and their potential for scar prevention was
availability for various mockitions on the outer surface, carbon investigatedHigure ). After being cultured on ACNTms,
nanotubes (CNTs) have been widely investigated forbroblast cell proliferation was found to be signfly
biomedical applications such as drug delivery, tissue engm?r?ﬁibited without obvious toxicitFigure &a). Additionally,

ing, and biosensifig: _PreV|oust, aligned arrangements OfceIIs were found to be generally growing in alignment, and
CNTs were found to direct human mesenchymal steft cells, .
lopodia were also observed to be attached to the arrays and

Chinese hamster ovary célispuscle celfs, and neurite _ ) )
growth as weif suggesting the promising ability of a"gnedstretched in an orientation parallel to the ACINitsI(e &, b).

carbon nanotubes (ACNTS) to regulate the location and>€N€ expression microarray assays suggested the ACNTs
direction of cell growth in tissue engineeringktsa However in uence on cell behavior, and the extracellular matrix (ECM)
arrangements of individual CNTs are limited by thgnainly suppressed cell proliferation, regulated the cell
inconvenience of fabricating CNTs into a bulk materialcytoskeleton and cell matility, and inhibited collagen deposition
Therefore, they are often applied only as a coating dfFigure b). In vivoevaluation of the rabbit hypertrophic scar
incorporated along with other matefiaRecently, ACNT  model revealed the eient reduction of scar formation and
arrays were successfully synthesized into freestanding kigkreased Type-l collagen deposition after ACNT treatment
materials, which can be produced in commercial scale affigure t).
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Figure 2. CNTs assembled into a highly aligned structure by CVD. (a) SEM microphotograph of freestanding ACNTSs. (t§dvisigii
images show individual and continuous CNT arrays arranged in alignment. (c) TEM image of an ACNT array, demonstrating the multiwalled
structure of the ACNTSs. (d) SAXRD showed the highly oriented structure of the prepared ACNTS.

RESULTS AND DISCUSSION broblastsKigure Sy All the data suggested that ACNTs were
highly biocompatible and nontoxic.
To understand the impact of ACNTSs on the proliferation of
broblasts in further detail, HDF and NIH3T3 cells were

Preparation and Characterization of ACNTsPrimarily,
the ACNT Ims (Figure 2, b) were dry-drawn from spinnable

CNT arrays prepareda chemical vapor deposition (CVD) investigated with a marking 5-ethyngde®xyuridine (EdU)

2 . B .
g:r?cz%r thghaigr?z V&’;&Zrﬁgltxgﬁd Vr\]’gr ?\E‘(;?i?]ter(;ﬁlilfrs V&eagent, which is a sensitive labeling method for proliferating
’r simately 300 gr]wﬁi ure 2). Th h? h ﬁ am n% fth fls. The results suggested that the proliferation of HDF and
approximately gure ). The high alignment of the - ;1373 cells was inhibited by 11.3% and 11.5%, respectively

CNTs was vered by small-angle X-ray scatterfinguie ). Fi
X N ure 3 These data suggested that ACNTs could suppress
ACNTSs Suppressed Fibroblasts Growthn Vitro. The §nuglltiple%ells growih vitrog\%thout toxicity. PP

excessive proliferation bfoblasts is one of the main reasons ACNTSs Induced Oriented Movement of Eibroblastslt

for the formation of hypertrophic sc&rdduman dermal is worth notin : : ;
. g that the ideal tissue reconstruction of a wound
broblasts (HDF) and mouse embryobioblasts (NIH3T3) - o,ires the oriented growth of cells in dermis tissue, while the

are commonly used cells for vitro scar formation jreqular distribution and stretching bfoblast cells will
investigatiori§>"" In the attempt to investigate theet of  coniibute to hypertrophic scar formaffos a result,
ACNTSs on cell behaviohroblasts (HDF, NIH3T3) and other o4 jating the cell location, direction, and migration in an
cell types such as human umbilical vein endothelial cedzjereq state is crucial to preventing chaotic cell growth and
(HUVECS), human smooth muscle cells (HSMCs), andkther reducing hypertrophic scar formation. Here, the growth
preosteoblastic MC3T3 cells were seeded on the ABNT 4 stretch orientation of various cells cultured on the ACNT
for 48 h, and the cell number was determined by observation angs was tracadaimmuno uorescence (phalloidintubulin,
counting under a microscope (IX81, Olympus, Tokyo, JapaBhq 4,6-diamidino-2-phenylindole). Both HDF and NIH3T3
with 200 magnication. These other three types of cells werge||s were observed growing along the alignment direction of the
selected because they are involved in the healing procesq@NTs (Figure 4, b), and a similar phenomenon was also
di erenttissue§>>°The cell proliferation of theroblastsand  ghserved with the other three types of célisu(e Sp
the other three major types of cells was obviously slower @feanwhile, time-lapse imaging was applied to monitor the
ACNTs than on the glass substratgyre SiL movement of broblasts on ACNTs and found that the cells
Additionally, the toxicity of ACNTs could be a major obstaclenigrated alongside the nanotubég.(re 4, d,Videos S&S4).
to its further clinical application and requires careful evaluatiouantitative measurements further mnad the oriented cell
To verify the biocompatibility of ACNTSs, cell apoptosis wagrowth on ACNTsKigure €). These data suggested that the
assessed usingw cytometry, and cell apoptotic proteins wereACNTs could induce oriented movement of multiple cells
detected using Western blot. The results indicated that the as-ciently.
prepared ACNTSs did not induce apoptosis and did ectitae ACNTs Change Fibroblasts Cytoskeleton Assembly.
cleavage of caspase 3 and casp&sguBe(SR Meanwhile,  Furthermore, the cytoskeleton contributes to cell structure,
single cell gel electrophoresis assay (comet assay) and cell deiagsion, motility, intracellular transport, and interaction with
live staining were further used to evaluate the toxicity of ACNThe ECM:' The interaction between the cell and ECM may
Comet assay could detect DNA damage at the individual caiigger numerous responses that are essential for the cellular
level, and the results showed that ACNTSs did not cause apparéehavior and fate, and two actin-based structures, lamellipodia
DNA damage ofbroblastsKigure SB Cell dead/live staining and lopodia, play key roles in this interactidpecically,
showed that ACNTs did not induce obvious cell death ofamellipodia are sheet-like protrusions consisting of short,
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a HDF cells b HDF cells New Zealand rabbits were divided randomly into ACNTs and
Hoechst EdU

Merge control groups(= 15). After establishing the hypertrophic scar
Plar model according to a previous reptftthe rabbits of the
ACNTs group were covered with ACNIRss over the wound

and followed by a sterilized bandage, while the control group was
covered only with bandages. Afterward, the wound healing was
monitored and evaluatedgross observation and histological
examinations. In particular, the gross appearances of the wounds
were observed, and digital photographs were acquired at
di erent time points. At day 35, siihd visibly elevated scars

Control

Percentages of EdU+ cells(%)

ACNTs

(@)

o
S

Control
8

Percentages of EdU+ cells(%)

ACNTs

were formed in both the control and ACNTSs groups. However,
e o ata00 the color of the scars formed in ACNTSs group was relatively
NIH3T3 cells d NIH3T3 cells pale, and the appearance was applanate, while the scars of the
Hoochst EdU Merge control group were dark red, and a signily elevated
tubercular scar was obsenredi(re @). Interestingly, we also
found a disparity between the groups in wound healing time,
wherein the healing time of the ACNTSs group was recorded to
be 19.2G 2.62 dayversud?7.73+ 3.53 days in the control
group, but no statistical sigrEince was detectegl X 0.05,
Figure ®). These results might correspond with the liower
vitroproliferation of cells cultured on the ACNTs but without
apoptosis inductiorfrjgure SR
Histological evaluation was further performed for details. The
hematoxyliseosin (H&E) stained sections indicated that the
dermal layers of the scars were relatia#8r in the ACNTs
Figure 3. ACNTSs inhibited the proliferation ofbroblast cells. group compared with the control groBjg(re 6-1, c-2).
Fluorescent images of EdU-labeled proliferating HDF cells and Modi ed Massda trichrome was applied to speally identify
NIH3T3 cells cultured on ACNTSs for 3 days indicated relatively the collagen bers, which can be stained dark Plue.
more sporadic distributiqn than on the .control. Notg thqt Signicantly, the coarse collagdrers of the control group
proliferating cells are sensitive to EdU labeling. Red, proliferating \yere irregularly arranged and densely distrifitedd 6-3).
gi!i;i\?e'“Nel'lfg?'gcsgﬁs(zxﬂi'bﬁggrgi';?g;gtwesisp“;fengggé O;rtglﬁelzl’fiu- The magnied images further revealed the obviously tangled and
: : disordered arrangement of the collagpens in the control
ation compared with control group (b, dy{p < 0.01). group Figure 6-3, inset). In sharp contrast, the ACNTs group
did not exhibit a sigréantly thickened dermal layer, and the
dendritically branched actiaments. Filopodia areger-like ~ collagen bers were arranged in a relatively regular manner
membrane protrusions consisting of long, unbraraheehts  (Figure 6-4).
extending out from the cell edg&hey are both involved in For a detailed analysis, the scar elevation index (SEI) was
substrate tethering and environment sehétdfere, for further applied in an attempt to guantify the H&E evaluation, as
observation under the confocal microscope, cells were seedegmyiously reported-igure SB°>°% The SEI of the ACNTs
ACNTs Ims and cultured for 3 days. F-actin andbulin, two group was 1.694 0.182versu2.046+ 0.281 in the control
major components of the cytoskeleton, were stained kgroup, which was sigeantly reducedp(< 0.05) Figure @).
phalloidin and -tubulin, respectively. Normal dermis sections were set as referénges(S).
After co-culture, cells on ACNTs were observed elongatedAdditionally, Sirius red staining was used to discriminate
into spindle shapes, extending less randomly strétgtuetia between dierent types of collagefidure €Sj). Specically,
that assembled into a linear structiiguie &, c). F-actinand there was a dense distributed area of the Type-I collagen stained
-tubulin were also observed rearranged in parallel to thed-orange in the control grougiure @, h). In contrast,
alignmentofthe CNT arraysSdure &, c). The role oflopodia images of the ACNTs group showed considerable amounts of
in the rearrangement of the cytoskeleton was further studied bype-lll collagenbers staineduorescent green, and orange-
scanning electron microscopy (SEMy(ire B, d). The cells  stained Type-l collagen was observed to be less densely
cultured on glass extended abundiapiodia, which spread distributed in the vicinity=(gure § i. Normal dermal tissue
randomly in the vicinity. In sharp contrast, cells cultured on th&as set as the reference, in which most dfé¢hne were Type-
ACNTSs extended fewdopodia, which attached to the ACNTs Il collagen stained with yellow and gréegu(e @, j).
and spread mostly along the radial direction thereof. ManyAs Type-I collagen is stronger than the other types and usually
investigations have proven that thpodia directly &ct the the most abundant in hypertrophy scar tissue, the inhibition of
cell cytoskeleton and migrafioff Bundles of long and parallel Type-I collagen will deitely contribute to its remissioir.
lopodia are considered to induct directional migfation. Overall, in the two groups stained with H&E, Massand
Therefore, the extendelbpodia inducted by ACNTs might Sirius red indicated that the ACNT-treated scars resulted in
account for the directional growth of multiple cells. thinner and more organized layersbobus tissue and lower
ACNTs Reduce Scar Formatioim vivo. The feasibility of ~ Type-I collagen deposition compared with the normal group.
the ACNTSs in reducing the formation of hypertrophic scar was Silicone gel sheet (SGS) has been approved by U.S. Food and
further assessed in a rabbit ear nidtfeThe bulk ACNTs Drug Administration (FDA) for scar treatment. The gel sheet is
fabricated into freestandingms facilitated the ease of usually applied when the wound is completely healed, and it
application as a wound dressing materialyB86 adult  functions mainly through covering the scars and producing a
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Figure 4. ACNTSs directed the growth orientation difroblast cells. (a, b) HDF cells and NIH3T3 cells cultured on the ACNTSs, stained with

DAPI and phalloidin, both elongated along the CNT alignment direction. (c, d) Time-lapse imaging observation of the HDF cells and NIH3T3
cells cultured on the ACNTSs; the static images indicated aligned migration and distribution of both cells along the nanotubes. (e) Quantitative
measurement of the alignment of the cell growth on the ACNTs and control. Note that the orientation of cell growthneasadethe angle
(absolute value) between the radial direction of the ACNT array and the major axis of the cells and that of the control groupedessdbe

angle between the major axis of the cells and a predetermined direction. Blue, cell nucleus stained with DAPI; orange, cell cytoskeleton protein
F-actin stained with phalloidin; white arrows, radial direction of the ACNT arrays; yellow arrows, predetermined direction in the
microphotograph. Note that the predetermined yellow arrows are in parallel with white ones.

moisturizing eect>® Specically, the evaporation of water from phase of ACNTs compared with SGS, this result can be
the skin was decreased, while hydration of the stratum cornepnmudently interpreted that ACNTs may be a potential option for
was increased after application of SGS on the scar, which leaddar hypertrophy treatment in addition to SGS.
relieved symptoms:® Besides, studies concluded that the Mechanism Investigation. Scar formation is a complex
primary mechanism of SGS products in hypertrophic scarocess based on a phasic and well-structured wound healing
treatment is also partly attributed to the occlusiect®°® process that involves various cells, mediators, cytokines, and
Either hydration or occlusion is not a direct contact omatrix molecul€sThe pivotal method to regulate scar
interaction with broblasts and ECM, so it usually takes a longormation is to balance the proliferative and remodelling
course to reduce the scar hypertrapty. processées. The inhibition of excessive cell proliferation and
On the other hand, the mechanism of ACNTSs prevented scariented cell stretch is crucial to reducing hypertrophic scar
formation is largely dirent from that of a silicone gel sheet. formation, but it is not swient. Additionally, suppressed
ACNTSs were used during the scar formation process and cowdllagen deposition is necessary to relieve pathological
inhibit broblasts proliferation, direct cell growth, and altescarring? Here, a gene expression microarray was applied to
extracellular texture composition. Here, we used a rabbit darther understand the mechanism of ACNTSs in inhibiting
model to compare the therapeuticiency of ACNTs and excessive cell proliferation and guiding cell growth. More
SGS. The data showed that at day 35, more ideal results wengortantly, the role of ACNTSs in suppressing the deposition of
observed in the ACNTs group including the color and theollagen was investigated.
thickness of scar compared with those of the SGSgmup ( For the following experiments, HDF cells were applied as a
S§. The SEIl of the ACNTSs group was decreased compared wittominant cell type in dermal tissue. Briafter being cultured
the SGS group. Meanwhile, there is no apparentmie on ACNTSs for 3 days, total RNA (approximatelygdGrom
between the control group and SGS group in the colokIDF cells cultured on glass and ACNTs was extracted using
thickness, and SEI of sdag(re SB The reason might be that  Trizol reagent. Then, a microarray expression analysis was
SGS did not exert function during a short course of 10 dayserformed and analyzed according to gene ontology (GO)
treatment. Despite the drent function mechanism and action enrichment. Specally, the fold-change analysis showed that
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the ACNTSs could suppress the proliferatiorbafblastyvia
controlling NFIB, CYP7B1, and NOG expressions.
TNS4, KCNAB2, ARHGAP26, MYOZ2, PDPN, and
SPAG16 belong to tHeegative regulation of cell motility
and‘cytoskeleton organizatieategories. These genes were all
found to be down-regulated after the cells were cultured on the
ACNTs. They are vital for cell migration and cytoskeleton
organizatiof> " which may explain the oriented growth and
stretch of cells along the ACNT arf4yadditionally, their
expression was examined using real-time PCR (RT-PCR)
(Figure €, d) and Western bloE{gure €). These six genes
were signcantly down-regulated in both HDF and NIH3T3
cells. Together with thexding that the lopodia sensed and
spread along the ACNTSs, it was reasonable to deduce that the
lopodia caused the expression change of cellular genes, which
nally led to directed cell growth. Scar formation also largely
results from the progressive and uncontrolled deposition of
ECM, especially collagens. The gene expressidaspro
indicated that COLA1A1, COL3A1, COL5A1, and COL15A1
Figure 5. ACNTs changing the assembly dfroblast cell Were.downfregumted.in HDF CQIIS Cgltured onthe ACNTs. We
cy%oskeleton. The cytoskgletgon of HDF cellé/ and NIH3T3 cells then investigated their expressions in b‘?th HDF and NIH3T3
cultured on the ACNTSs showed spindle shapes and apparently les$ells and found that the mRNA and protein expressions of these
randomly stretchedlopodia, while cells of the control group spread ~ genes were apparently inhibited, which further strengthened the
over a larger cell area and exhibited mdepodial extensions. Red,  inhibitory e ects of the ACNTs on hypertrophic scar formation
cytoskeleton stained with phalloidin; green, cytoskeleton stained (Figure ¢Se).
with  -tubulin; blue, cell nuclei stained with DAPI (a, c). The Furthermore, we investigated the possible molecular mech-
lopodia of HDF cells spread along the CNT-alignment direction.  gnism The result of KEGG pathway showed that focal adhesion
rTehc% directed lopodia are marked in red for convenience of pathway was one of the sigantly altered pathway&dure
gnition (b, d). . - . .
S10. Focal adhesions are sites where proteoglycan and integrin
mediated adhesion links to the actin cytoskéfettrey are
Igﬁge macromolecular assemblies through which regulatory
ignals and mechanical force are transmitted between the

more than 250 genes wereedéntially expressed, with 83
elevated and 173 decreased in HDF cells after being cultured
Egebégggjn%ggg% ?hfa) Zgr&%hcmhzr%?g S;;-Y-v;;gogf ucte Interacting cells and Edﬁ/lQur data shpvyed that' ACNTs
Notably, the GO categories for collagen binding, extracellufg?uld suppress the expression of Myosin light chain 2 (MLC2),
matrix components, &slbstrate adhesion, and epithelial cellTY0Sin light chain kinase (MLCK), Rho-associated coiled-coil
proliferation were the major obviously down-regulated categgntaining protein kinase 2 (ROCK2), cell division cycle 42
ries, which suggested that the ACNTs could inhibit ce{CDC42), and diaphanous-related formin-1 (mDiaibu(e
proliferation and direct cell growth. Meanwhile, the Kyotgf),_vs{hlchwascor_13|stentW|th thert_asultofgene microarray. The
Encyclopedia of Genes and Genomes (KEGG) pathway wifdibited expression of these proteins coulc_:i partially account for
then performed to reveal the molecular interaction and reactiéhe change of the morphology and the oriented movement of
networks, and the focal adhesion pathway wasaigyi cells. TGF pathway is known to be the dominant pathway that
altered Figure S10 regulates scar formatioFherefore, we further investigated the
To further reveal the possible targeted genes of ACNTs, £3ect of ACNTs on TGFpathway. The data also showed that
di erentially expressed genes, nuclear factor | B (NFIBACNTSs could suppress the expression of IGFKSF 2, and
cytochrome P450 family 7 subfamily B member 1 (CYP7B1$MAD4 and could inactivate the phosphorylation of SMAD2
noggin (NOG), tensin 4 (TNS4), potassium voltage-gateéind SMAD3igure 7). TGF signaling is mediated through
channel subfamily A regulatorgubunit 2 (KCNAB2), Rho = SMAD and non-SMAD pathway, including RhoA, ROCK, Ras
GTPase activating protein 26 (ARHGAP26), myozenin 2o regulate cell cytoskeleton, cell cycle, cell proliferation, and
(MYOZ2), podoplanin (PDPN), sperm-associated antigen 1fnotility.* These results indicated that ACNTSs could interfere
(SPAG16), collagen type I chain (COL1A1), collagen type with the TGF pathway to act the cell behavior.
[l 1chain (COL3ALl), collagen type ¥ chain (COL5A1),
and collagen type XV 1 chain (COL15A1) were carefully
explored FFigure B). Particularly, NFIB, CYP7B1, and NOG )
belong to the‘regulation of epithelial cell proliferation In summary, the ACNTs were discovered to be capable of
category, in which NFIB and CYP7B1 could promote ceR ecting cell behavior and ECM componeiatsuppressing
proliferation, and NOG could inhibit cell prolifer&tiofr. cell proliferation, guiding their growth direction, and inhibiting
According to the plotted heatmap, NFIB and CYP7B1 wereollagen deposition. The underlying mechanism was revealed to
obviously down-regulated, while NOG was up-regulated in the related to the regulation of TGfathway and specigenes.
gene proles Figure B). We further examined the mRNA and Moreover, as a feasible bulk material, such freestanding ACNTs
protein levels of these three genes in HDF cells and found thethibited an ideal inhibitory eet on hypertrophic scar
they were consistent with gene expressioepi@igure €S formationin vivo These ndings may provide an alternative
e). The results revealed that the underlying mechanism was thaategy of applying ACNTSs in the bioengineegiag
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Figure 6. ACNTSs inhibited the scar formatiorviva (a) Photographs of the wound during the healing procedure. (b) Histological appearance

of scars harvested on day 35 for ACNTs and control groups stained with H&E (b-1, b-3) and Mésshib-4), respectively (insets, mage
photographs). (c) Comparison of the wound-healing time indicated no signt di erence i=15,p>0.05). (d) Comparison on SEI. Dermal
hypertrophy was measured by SEI on day 35 according to the H&E stained settidris’t p< 0.01). (65)) Histological sections stained with

Sirius red. (8g) Photographs observed under polarization microscope for the control, ACNTs, and normal groups, respediyely. (h
Magni ed images of the control, ACNTSs, and normal group, respectively. The arrows indicate Type-I collagen stained with red or orange, and
the asterisks indicate Type-Ill collagen stained with yellow or green.

MATERIALS AND METHODS evaporation at a vacuum pressure f15> Pa. Spectally, the
Preparation of ACNT.A catalyst with a layered structure was substrate wasst put over the target material with the pol_is_hed surface
prepared using iron as a catalyst and aluminum oxide eslayu. downward, and the shutter was closed before deposition. When the

The substrates were Si (110) wafer with $B0ED nm-thick silica ~ vacuum reached & 10* Pa, the high-energy electron beams
surface. First, the substrates went through a polished treatment, &nbarded the target material to evaporate it. When the deposition
aluminum oxide (thickness of 3 nm) and iron (thickness&#.2.1  rate stabilized at the target value, the shutter was opened to deposit the
nm) were subsequently deposited on the substrates by electron bealominum oxide vapor on the substrate. The iron was deposited on the
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Figure 7. Mechanism of ACNTs suppressed hypertrophic scar formation. (@)eDily expressed genes presented in a volcano plot. The red

and blue dots indicate up-regulated and down-regulated genes, respectively. Accordingly, the threshold fold changes were 2 and 0.5. (b)
Microarray data of the cells cultured on ACNTSs presented in heatmap. (¢, d) Screened gene expressions of HDF and NIH3T3 cells cultured on
ACNTSs conrmedvia RT-PCR, respectively. (e) Screened gene expressions of HDF and NIH3T3 cebsl\mriwWestern blot. (f) ACNTs

inhibited TGF pathway.

substrate in the same way. Afterward, the ACNT arrays wefer 20 min. The cells were then permeabilized with 0.2% Triton X-100
synthesized by CVD in a tube furnace with argon and hydrogen gagas15 min and blocked with 5% bovine serum albumin (BSA) for 60
as the carrier gases and ethylene as the carbon source. First, oxygemamet room temperature. After washing twice with PBS, they were co-
water were purged from the tube bwing argon gas, followed by incubated with phalloidin-tubulin, and 46-diamidino-2-phenyl-
owing argon/hydrogen gas while the temperature ramped up fromdole (DAPI). Analysis was performed under a Zeiss LSM-710
room temperature to 74C. After the temperature reached @0 confocal microscope (Carl Zeiss, Thornwood, NY, USA).
catalystiron particles were formed, and the carbon precursoegas Time-Lapse Imaging.ACNTs and glasses were placed in 24-well
into the tube. With further heating, the carbon precursor decomposeauate and sterilized under UV light for 30 min. Then, abboel
dissolved into the catalyst particles, and separated out after saturati@ne seeded on plates, and the plate was moved into a microincubation
and nucleation. After growth at 7@@or 10 min and coolingdownto chamber on an Axiovert 200 imaging system (Zeiss), which was
room temperature, the aligned CNT array was obtained. AGBT  equipped with a 5% G®upply and maintained at°’®. Time-lapse
can be directly pulled out from the array due to the strong interactiombservation was then conducted automatically at multiple locations on

between CNTSs. the plate every 160 s. The series of photographs were then converted
Characterization. For SEM observation, the ACNTIsn was into videos using Adobe Premiere Pro CC software (Adobe Systems
directly put on carbon tape and observed undetdaemission Inco., CA, USA).

scanning electron microscope (Zeiss Ultra 55, Germany) operated aScanning Electron Microscope Observation. After being
3.0 kV (Ultra 55, Carl Zeiss, Germany). To prepare transmissiotultured on the ACNTSs for 3 days, both HDF and NIH3T3 cells
electron microscope samples, we directly pulled the I@i¥Tout were xed using 2.5% glutaraldehyde at the temperaturéCof 4
from the array, spread them on the copper mesh, and then droppedernight. Washed twice with water, the cells were treated with 20%
ethanol on thelms to make them adhere well to the copper mesh. Thaimethyl sulfoxide for 4 h at room temperature. Then, the cells were
structures were then characterized by transmission electron microscegpyuum freeze-dried after washing twice with water and then deposited
(TEM, JEOL JEM-2100F, Japan). Small-angle X-ray scatteteng prowith platinum using a sputter coater. They were then observed under a
was characterized by NanoStar U SAXS System (Bruker, Germany)eld emission scanning electron microscope (FE-SEM) operated at 3.0

Cell Lines Culturing and EdU Proliferation Assay.Human kV (Ultra 55, Carl Zeiss, Germany).
dermal broblast cells were cultured in broblast medium Microarray Analysis. Total RNA (approximately 4@) from
supplemented with 2% FBS and 1% eactglofamine, penicillin,  HDF cells cultured on glass and ACNTSs for 3 days was extracted using
and streptomycin. Passa§@8ere used in all experiments. NIH-3T3 Trizol reagent. Then, the samples were sent to Shanghai Biotechnology

broblast cells were cultured in Dulbscamodied Eagle media  Corporation for microarray expression analysis using an Agiknt 8

(DMEM) supplied with 10% fetal bovine serum and 1% penicillin anduman microarray. The results were analyzed using GO enrichment
streptomycin. They were incubated at°@7in a humidied analysis. Of all the changed genes, we chose genes that were related to
environment supplied with 5% £@nd the culture medium was scar formation, such as genes related to the ECM (COLA1A1l,
changed every day. Cell proliferation was determined by EdU after @3L3A1, COL5A1 and COL15A1), cell proliferation (NFIB, CYP7B1
day culture. In brief, after incubating on the ACNTSs for 3 days, the celimd NOG), cell cytoskeleton, and cell motility (TNS4, KCNAB2,
were stained as previously reported in the protocol and visualized withRHGAP26, MYOZ2, PDPN, and SPAGL16) to further reveal the
digital microscope system (1X81, Olympus, Tokyo, Japan). possible scar formation mechanisms.

Fluorescence Staining. -Tubulin and f-actin were stained with Real-Time Quantitative PCR.Total RNA from HDF and
tubulin and phalloidin, respectively. Spalty, the cells were seeded NIH3T3 cells cultured on glass and ACNTs was extracted with Trizol
on cover glasses with or without the ACNTSs, cultured for 3 dayseagent. A PrimeScript RT reagents Kit was applied for total RNA
washed with PBS, and followedxation with 4% paraformaldehyde reverse transcribing. Identical quantities of cDNA were then subjected
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to RT-PCR with SYBR Premix Ex Tag. Reactions were incubated at 35
°C for 3 min and followed by 40 cycles a0fwr 5 s and 68C for 10 * Supporting Information

s. Reactions were run on a StepOnePlus instrument. The results N Supporting Information is available free of charge on the

presented as the mean relative value compared with the control Sa”}ﬂfs Publications websateDO!: 10.1021/acsnano. 7b07439
with the primers, as presentedable S2 T ' )

Western Blot Analysis.Total protein from HDF and NIH3T3 Cell grqwth curve of multiple cells; _celll apoptosis assay
cells was extracted using radio-immunoprecipitation assay (RIPA) lysis ~determined byow cytometry; the activation of caspase3
bu er in the presence of a proteinase inhibitor cocktail. Tdnicty and caspsase 8 using Western blot; the oriented growth of

proteins were electrophoresed in 10% and 8% dodecyl sulfate, sodium HUVEC, HSMC, and MC3T3 cells on ACNTSs;

salt (SDS)-ponacrylamide ggl electrophoresis gels, which were then schematic diagram of the SEI routine; histological
transferred to polyvinyliden@ride membranes. The nonspesites evaluation of the normal group; top 30 categories of
were blocked with 5% nonfat milk for 2 h at room temperature. The GO enrichment analysis; focal adhesion pathway changes

membranes were then co-incubated with the indicated primary  jn ACNTs group; primer sequences used for RT-PCR;
antibodies at derent dilutions at 4C overnight according to the detailed materials and methdels R

manufactur&rinstructions. The membranes were then incubated with Video S1: Fibroblast cells movematif
horseradish-peroxidase-conjugated antibodies for 2 h at room temper- Video S2: Fibroblast cells movemeint)
ature after washing three times with trigibsolution-Tween (TBS- Video 83: Fibroblast cells movemait
T). Washed three times in TBS-T, the membranes were incubated with . -
Super Signal West Pico chemiluminescent substrate, and the Video S4: Fibroblast cells movemeint
GeneGnome HR Image Capture System was applied for visualization.

Hypertrophic Scar Model Establishment. All animal studies
were performed adhering to the NIH guidelines for care and use gforresponding Authors
laboratory animals and with the approval of the Animal ExperimerE-mail:drsujiacan@163.com
Centre of the Second Military Medical University. Adult New Zealan€lE-majl:penghs@fudan.edu.cn
rabbits, male, aged 3 months, were obtained from Slac Laboratg}gzcm
Animal Corporation. The 30 rabbits were randomly divided into tw?_| .
groups: ACNTs and control groups=(15). After anaesthetization _wsheng Pengnoo-0003-3746-8494
with 1% (10 mg/mL) pentobarbital sodium (1 mg/kg), the Jiacan Suo00-0001-7080-263X
hypertrophic scar model was established according to the previgusthor Contributions
method?®>* Specically, surgical procedures were conducted under W.W., S.H., and H.S. contributed equally to this work. J.S.,
sterile conditions; an epidermal wound on the ventral side of the e@y.\W., and H.P. conceived and designed the research. S.H.,
with a diameter of 1 cm was established down to the cartilage withyg W., H.S., X.L., Y.H, J.C., Q.Z, and L.C. performed the
punch biopsy. To ensure the removal of epidermis, dermis, arg&periments. W.W., H.S., S.H., and J.S. analyzed the data and

perichondrium, an operating loupe was applied during the procedu&epared thegures. W.W., H.S., and H.P. wrote and revised the
Animal Groups and Administration. The ACNTs Ims were manuscript.

dry-drawn from a CNT arr&yTwo-layered ACNT$ms were used to
; : . Notes

cover the wound of the intervention group, followed by adhesn)_? . —
bandages coverage without tension (because tension may reduce thg authors declare no competingncial interest.
scar hypertrophy§.The control group was covered only with adhesive
bandages. The rabbits were raised and fed separately until wound
healing and mature scar formation were observed. This work was funded by Foundation of Ministry of Science and

Macroscopic Evaluation and Histologic AnalysisThe healing Technology of the Peops$e Republic of China
process of the wounds was observed until the rabbits weredsenri (2016 YFA0203302, 2011CB932503), National Natural Science
day 35 after surgery, and the scar specimens were retrieved. To prefenindation of China (8141101156, 21225417, 31271031, and
scar shrinkage in the panesections, the samples containing the full-312111282), Natural Science Foundation of Shanghai
thickness scar skin and the cartilage in the rabbit ear were excised (th6ZR1412500), Science and Technology Commission of
latter acted as atissue pedestal). The normal tissue of rabbit ear wasglsgnghai Municipality (12 nm0503200, 15XD1500400),
excised as a reference. The harvested scar tissue specimens inSRgfhghai Municipal Science and Technology Commission
group were divided and subjected teréint methods of histological Key Program (15411950600), the Fok Ying Tong Education
analysis (H&E, Masson, Sirius red staining). Baiécithe specimens  Foundation, and Municipal Human Resources Development

were rst xed in 4% formaldehyde/PBS solution for 24 h,embeddedip;rogram for Outstanding Leaders in Medical Disciplines in
para n, then cut into 4 mm sections, and stained with H&E for%hanghai (2017BRO11).
e

histological analysis and evaluation of scar elevation index (SEI). T
degree of dermal hypertrophy of each scar was expressed as the |SEL
which reected the area ratio of the newly formed dermis to the

surrounding normal dermis of the scar, and a value abovedstde ) . o
hypertrophic dermis={gure Sp Modi ed Massds trichrome was Sgi;ig%gg%s'o'()gy’ Classification, and Tredetemlol. Surg.

applied to speaally id_entify t_he collagehers, Whi.Ch can be stained (2) Wolfram, D.; Tzankov, A.;IRLP.; Piza-Katzer, H. Hypertrophic

dark blue. To further discriminate between theeit collagen YPES,  scars and Keloids Review of Their Pathophysiology, Risk Factors,

Sirius red staining was used for analysis, as previously reportegpq Therapeutic Managem@&grmatol. Surg009 35, 1715181.

wherein Type-I collagen can be stained with red/orange and Type-Il{3) Butzelaar, L.; Ulrich, M.; van der Molen, A. M.; Niessen, F.;

coIIag(_en_with green. o Beelen, R. Currently Known Risk Factors for Hypertrophic Skin
Statistical Analysis.All the quantitative data were expressed as thescarring: A Revied.Plast. Reconstr. AestheR@L669, 1635169.

meant standard deviation (SD). Statistical analysis was carried ouf4) Arno, A. |.; Gauglitz, G. G.; Barret, J. P.; Jeschke, M. G. Up-to-Date

using the-test with GraphPad Prism (GraphPad Software). A value &pproach to Manage Keloids and Hypertrophic Scars: A Useful Guide.

p < 0.05 was considered statistically sigmi. Burns2014 40, 125%51266.
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