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3 ABSTRACT: A new technique is described for the construction of
4 core−shell microfibers for biomedical applications. Fibrous
5 scaffolds were fabricated by electrospinning, followed by covalent
6 layer-by-layer deposition based on the rapid bioorthogonal reaction
7 between s-tetrazines (Tz) and trans-cyclooctenes (TCOs). Electro-
8 spun poly(ε-caprolactone) (PCL) scaffolds were subjected to
9 surface modifications to install tetrazine groups. The scaffolds were
10 iteratively submerged in aqueous solutions of TCO-modified
11 hyaluronic acid (HA-TCO) and tetrazine-modified hyaluronic acid
12 (HA-Tz), resulting in the controlled growth of a cross-linked HA gel around individual microfibers. Integrin-binding motifs were
13 covalently attached to the surface of the microfibers using TCO-conjugated RGD peptide. The scaffolds fostered the attachment and
14 growth of primary porcine vocal fold fibroblasts without a significant induction of the myofibroblast phenotype. Stimulation with
15 transforming growth factor beta (TGF-β) moderately enhanced fibroblast activation, and inhibition of the Rho/ROCK signaling
16 pathway using Y27632 further decreased the expression of myofibroblastic markers. The bioorthogonally assembled scaffolds with a
17 stiff PCL core and a soft HA shell may find application as therapeutic implants for the treatment of vocal fold scarring.

18 The vocal fold consists of a soft connective tissue (lamina
19 propria), sandwiched between a stratified squamous
20 epithelium and the vocalis muscle.1 Sound is produced when
21 vocal folds oscillate regularly in a wave-like motion at
22 frequencies of 100−1000 Hz. Vocal folds can be damaged by
23 chemical, pathological, and mechanical insults. In response to
24 injury, fibroblasts migrate to the wound bed and become
25 activated to myofibroblasts, which synthesize excessive
26 extracellular matrix (ECM) proteins, develop α-smooth muscle
27 actin (αSMA), and exert traction forces on the ECM. At the
28 end of the remodeling process when the wound closes,
29 myofibroblasts disappear by apoptosis. However, in patho-
30 logical situations, myofibroblasts persist, proliferate, and
31 develop excessive tissue contraction, leading to chronic fibrosis
32 or hypertrophic scarring that is challenging to treat.2,3

33 Synthetic scaffolds, if appropriately designed, can be used to
34 promote constructive tissue remodeling and repair.4 In this
35 context, therapeutic scaffolds can be introduced to the lamina
36 propria via minimally invasive microflap surgery to actively
37 mediate the fibrotic responses, ultimately regenerating the
38 normal tissue composition, microstructure, and viscoelasticity.5

39 Electrospun fibrous scaffolds mimic the architecture of the
40 natural ECM and present biochemical and topographical cues
41 that modulate cell differentiation during wound healing.6

42 Fibrous scaffolds of varying fiber diameter have been produced
43 using poly(ε-caprolactone) (PCL).7 Although mechanically
44 robust, these scaffolds are bioinert and are several orders of
45 magnitude stiffer than the vocal fold.8 Injection of PCL-based
46 microspheres in the muscle have been proposed for the
47 treatment of glottal insufficiency.9 However, little is known

48about the fibrogenic and inflammatory responses of resident
49vocal fold fibroblasts (VFFs) to pristine PCL scaffolds
50implanted superficially in the lamina propria.
51On the other hand, hyaluronic acid (HA) is naturally
52enriched in the vocal fold lamina propria, contributing to the
53maintenance of optimal tissue viscoelasticity, regulating cell
54functions through binding with cell surface HA receptors, and
55promoting scarless wound healing in fetal tissues.10,11

56However, electrospinning of HA is challenging because it is
57highly charged and has limited solubility in volatile organic
58solvents.12 Even with its high molecular weight, a carrier
59polymer, such as poly(ethylene oxide), is often required to
60produce continuous fibers.13 Covalent cross-linking is neces-
61sary to maintain mechanical resistance and structural integrity
62when hydrated.14

63Here, we describe the synthesis of fibrous PCL/HA scaffolds
64with a core−shell configuration. Our design takes advantage of
65the semicrystalline nature of PCL to maintain structural and
66mechanical integrity of the scaffold.15 Individual PCL fibers
67were encased in a soft HA shell to foster cell−ECM
68interactions and to modulate cell phenotypes. Fibrous PCL/
69chitosan scaffolds have been produced by electrospinning and
70layer-by-layer (LBL) deposition.16 Conventional LBL assembly

Received: July 13, 2020
Accepted: August 28, 2020

Letterpubs.acs.org/macroletters

© XXXX American Chemical Society
A

https://dx.doi.org/10.1021/acsmacrolett.0c00515
ACS Macro Lett. XXXX, XXX, XXX−XXX

NULL | null | JCA11.2.5208/W Library-x64 | manuscript.3f (R5.0.i3:5004 | 2.1) 2020/02/05 13:43:00 | PROD-WS-120 | rq_3184314 | 8/31/2020 13:38:06 | 7 | JCA-DEFAULT

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Anitha+Ravikrishnan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="He+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Joseph+M.+Fox"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xinqiao+Jia"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsmacrolett.0c00515&ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
pubs.acs.org/macroletters?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acsmacrolett.0c00515?ref=pdf
https://pubs.acs.org/macroletters?ref=pdf
https://pubs.acs.org/macroletters?ref=pdf


71 involves alternate deposition of complementary charged
72 polymeric species via electrostatic interactions.17 Because the
73 resultant multilayered films were held together by weak
74 noncovalent interactions, long-term in vivo stability of the
75 coating is not guaranteed. To improve stability, covalent LBL
76 (cLBL) assembly has been developed. In this case, the building
77 blocks do not have to be oppositely charged, and
78 spatiotemporal conjugation of bioactive compounds of low
79 and high molecular weight is possible.18

80 Bioorthogonal reactions, such as Staudinger ligation,
81 copper(I)-catalyzed azide−alkyne cycloadditions, and strain-
82 promoted azide−alkyne cycloadditions, have been explored for
83 surface modification and cell encapsulation in a LBL fashion.19

84 To ensure rapid growth of the HA gel layer, the reaction
85 should occur instantaneously under mild conditions. Tetrazine
86 ligation, the inverse electron demand Diels−Alder cyclo-
87 addition reaction between a strained trans-cyclooctene (TCO)
88 and s-tetrazine (Tz), is biocompatible, high yielding, and
89 extremely fast (second-order rate constant, k2, exceeding 104

90 M−1 s−1) and does not require any catalyst, nor does it exhibit
91 cross reactivity with endogenous biomacromolecules.20−22 We
92 have successfully applied this chemistry to the creation of
93 protein-mimetic polymeric microfibers23−25 and 3D biomi-
94 metic environments with well-defined spatiotemporal sig-
95 nals.26−29

96 Herein, we took advantage of the exceptional kinetics of
97 tetrazine ligation to produce fibrous scaffolds with a stiff PCL
98 core and a soft HA shell via cLBL assembly. PCL scaffolds with
99 an average fiber diameter of 3.80 ± 0.27 μm (Figure S1),
100 comparable to that of the collagen fibers (4 μm) present
101 during the remodeling phase of the wound healing process,30

102 were consistently produced following our standard electro-
103 spinning protocol.7,31 Individual fibers were randomly oriented
104 and intimately entangled, creating microsized interstitial pores.
105 Fiber surfaces were relatively smooth and free of any nanoscale
106 topography. Separately, HA derivatives with bioorthogonal
107 handles were synthesized following our reported procedures

f1 108 (Scheme S1 and Figure 1A).27−29 By 1H NMR, HA-Tz had a
109 23% tetrazine incorporation, and HA-TCO had a degree of
110 modification of 25% (Figure S2). To introduce integrin-
111 binding sites on the fibrous scaffold, the monofunctional TCO
112 conjugate, RGD−TCO, was synthesized following our
113 reported solid-phase synthesis protocol (Figures S3 and
114 S4).24,27 To ensure robust attachment of HA to PCL, scaffolds
115 were subjected to surface modification to install Tz
116 functionality (PCL-Tz) prior to cLBL deposition (Figure
117 1A). A 30 min incubation of PCL-Tz in the HA-TCO bath led
118 to the deposition of the first HA layer (PCL/HA1). The
119 scaffold was then immersed in the HA-Tz bath for 5 min to
120 afford PCL/HA2. The process was repeated up to 60 times,
121 with a 5 min immersion in each bath, to establish a covalently
122 cross-linked HA shell around individual PCL fibers (PCL/HA,
123 n, n = 1−60). After the final dipping in the HA-Tz bath, the
124 scaffolds were washed with PBS three times and transferred to
125 an RGD-TCO bath to introduce recognition sequences for
126 integrins (Figure 1B).
127 UV−vis analysis was conducted on the HA-Tz bath during
128 the cLBL process to confirm the immobilization of HA on the
129 PCL microfibers. HA-Tz concentration was determined based
130 on the absorbance at 265 nm by Beer−Lambert law, taking
131 into consideration the molar extinction coefficient of the Tz-

f2 132 hydrazide as 23,500 M−1.27 Figure 2A shows the UV−vis
133 absorbance spectra of the HA-Tz bath after 0 to 60 times of

134exposure. There is a progressive decrease in absorbance as n
135increases. This corresponds to a decrease of HA-Tz
136concentration from 1.3 mM before the cLBL process was
137initiated, to 0.5 mM when the process was terminated. This
138result shows that during the cLBL process HA-Tz was
139progressively depleted from the bath and deposited on the
140scaffold.
141The surface modification and HA conjugation were further
142evaluated by XPS (Figure 2B). Only C1s and O1s signals were
143detected on virgin PCL scaffolds, consistent with the chemical
144composition of PCL. After the tetrazine group was introduced,
145a nitrogen peak was detected at 400 eV. A sodium peak (1071
146eV) appeared when n = 2, and its intensity did not alter
147significantly as the cLBL process progressed. The appearance
148of Na1s confirms the immobilization of HA on the scaffold
149because HA used in this study was in the form of sodium salt.
150XPS is a surface-sensitive technique. With a 90° takeoff angle,
151the sampling depth ranges from 6 to 12 nm.32 Therefore, as n
152increased from 2 to 60, XPS did not reveal any additional
153changes in surface chemical composition. The fibrous nature of
154the scaffolds prohibits depth-dependent quantitative interpre-
155tation of the XPS results.

Figure 1. (A) Tetrazine ligation with TCO features bioorthogonality
and unprecedented rate. Prior to cLBL assembly, the electrospun PCL
scaffold was subjected to surface modification to install the tetrazine
group. Hydrogel building blocks include HA-Tz, HA-TCO, and
RGD-TCO. (B) Schematic depiction of the cLBL process, shown in a
cross-sectional view. n: number of times the scaffold was exposed to
HA baths.
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156 Change in surface hydrophobicity was analyzed by contact
f3 157 angle measurement using a sessile drop method (Figure 3A).

158 Without any chemical modifications, PCL scaffolds were
159 hydrophobic, having a contact angle of 104.9 ± 5.5°. After
160 being exposed to HA baths 60 times, the scaffold (PCL/
161 HA60) exhibited a zero-degree contact angle, indicating a
162 significant improvement in hydrophilicity. Thus, the cLBL
163 process established a cohesive hydrogel layer on the PCL
164 fibers. Visually, water beaded up on virgin PCL scaffolds,
165 unable to penetrate into the scaffold (inset, PCL, Figure 3A).
166 With the addition of HA coating, water rapidly spread out and
167 became adsorbed by the scaffold. As the cLBL process
168 continued, the scaffold gradually became translucent (inset,
169 PCL/HA60, Figure 3A), adopted a gel-like appearance, and
170 became slippery. Unlike PCL/HA60, water distribution on
171 PCL/HA2 was patchy and uneven (inset, PCL/HA2, Figure
172 3A), suggesting inhomogeneous or incomplete surface cover-
173 age by HA.
174 SEM characterization (Figure 3B) confirmed that the cLBL
175 process did not affect fiber morphology; fibers remained
176 uniform and smooth. PCL, PCL/HA2, and PCL/HA60
177 exhibited similar mechanical properties, as assessed by tensile
178 tests using a dynamic mechanical analyzer (DMA). Young’s
179 modulus, calculated based on the linear portion of the stress−
180 strain curves measured by DMA (Figure S5), was 9.49 ± 0.76,
181 9.44 ± 0.86, and 9.09 ± 0.72 MPa for PCL, PCL/HA2, and
182 PCL/HA60, respectively. These values are statistically
183 indistinguishable. Therefore, the surface modification did not
184 alter the stiffness of the scaffolds. In this context, the tensile

185modulus of a solvent-cast PCL specimen is 123 MPa,33

186whereas the Young’s modulus of an HA gel prepared via
187interfacial cross-linking using Tz/TCO ligation is 16 kPa.27

188To confirm the core−shell architecture, the HA shell was
189stained green using biotinylated hyaluronan binding protein
190(HABP-Biotin) and Alexa Fluor 488-conjugated streptavidin
191(Alexa-Strep), and the PCL core was stained red by
192CellTracker Red.7 The presence of a cohesive HA sheath
193 f4around the PCL core is evident (Figure 4A). No Alexa signal
194was detected from as-spun PCL scaffolds without any
195treatment. Although an accurate determination of the thickness
196of the HA shell based on the confocal image was not possible, a
197rough estimate suggested the presence of a submicron gel
198coating around the PCL core after the scaffold was exposed to
199HA baths 60 times. In the last step of the cLBL process,
200scaffolds were immersed in an RGD-TCO solution for 1 h to
201immobilize the cell-adhesive ligands. To model the peptide
202conjugation, Cy5-TCO was used in place of RGD-TCO to
203provide a fluorescent signal for confocal imaging. Cy5-TCO
204and RGD-TCO have comparable molecular weight, diffusivity,
205and aqueous solubility.29 To provide contrast, the PCL core
206was stained with Hoechst34,35 and false colored as green in
207Figure 4B for easy visualization. Our results show diffuse Cy5
208signals around the PCL fibers. We reason that, during the 1 h
209incubation, Cy5-TCO readily diffuses into the HA layer,

Figure 2. Characterization of fibrous PCL/HA scaffolds by UV−vis
(A) and XPS (B). (A) UV−vis absorption spectra of the HA-Tz bath
used for the assembly of the HA gel. As n increased, the absorbance at
265 nm decreased, indicating removal of the tetrazine species from
the bath. The inset shows HA-Tz concentration as a function of n. (B)
XPS survey (left) and high-resolution (right) Na1s and N1s spectra of
PCL/HA. Compared to pristine PCL, PCL/HA exhibited character-
istic nitrogen (from tetrazine) and sodium (from HA) peaks.

Figure 3. Characterization of fibrous PCL/HA scaffolds by contact
angle goniometry (A), SEM (B), and DMA (C). (A) Change in the
surface hydrophilicity was monitored by the sessile drop method.
Insets show the appearance of the scaffolds 5 min after the addition of
water with blue food dye. (B) SEM analysis confirmed that scaffold
morphology was not affected by surface modifications. (C) Scaffolds
with n = 0, 2, and 60 exhibited similar Young’s modulus, suggesting
that surface modification did not affect the bulk property of the
scaffolds.
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210 reacting with residual tetrazine groups through tetrazine
211 ligation. Again, no Cy5 signal was detected for unmodified
212 PCL scaffolds.
213 Collectively, bioorthogonal deposition of HA on PCL
214 microfibers resulted in the formation of a cell-adhesive scaffold
215 with a core−shell structure. The cLBL process profoundly
216 altered the surface composition without changing the fiber
217 morphology or matrix stiffness. Cell-adhesive peptide was
218 conjugated throughout the gel layer. Because Tz/TCO
219 reaction is quantitative and instantaneous,36 the buildup of
220 the HA shell is fast; washing and liquid transfer is the rate-
221 limiting step, which can be sped up using an automated liquid
222 handling system. Considering the robustness and homogeneity
223 of the HA coating, PCL/HA60 was used in subsequent cell
224 culture studies. PCL/HA2 was included as a negative control.
225 To assess the therapeutic efficacy of the scaffolds, culture-
226 expanded VFFs were cultured on the scaffolds under various
227 conditions for a total of 7 days (Table S1). One day after
228 plating, cells were subjected to 3-day culture with or without
229 TGF-β, a potent pro-fibrotic cytokine. TGF-β plays an
230 important role in inducing differentiation of fibroblasts to
231 myofibroblasts by increasing contractile forces generated from
232 the actin stress fibers.37 Subsequently, cells were cultured for 3
233 days with or without Y27632, a potent, selective inhibitor of
234 ROCK and myosin type II contractility, thereby inhibiting
235 myofibroblastic differentiation.38

236Primary VFFs were isolated from porcine vocal folds and
237expanded on conventional tissue culture polystyrene (TCPS).
238Under these conditions, VFFs acquired the myofibroblast
239phenotype, as evidenced by the colocalization of αSMA signals
240with mature F-actin stress fibers (Figure S6A). Increased
241expression of αSMA correlates with increased generation of
242contractile forces.
243By ImageJ, 95.6 ± 1.2% of cells were αSMA+. In agreement
244with prior reports, exposing cells to a nonphysiologically stiff
245plastic substrate (∼2 GPa) triggered the formation of
246contractile stress fibers,39,40 thereby promoting myofibroblast
247differentiation. As expected, Y27632 overrode the substrate
248effects, inhibiting the development of stress fibers and the
249expression of αSMA (Figure S6B). These TCPS-primed,
250αSMA+ cells are phenotypically similar to scarred VFFs41 and
251thus are physiologically relevant.
252VFFs cultured on PCL/HA60 scaffolds maintained high
253viability (87−95%) throughout the 7-day period, as evidenced
254 f5by live/dead staining (Figure 5A). By day 7, viable cells

255consitituted 95.5 ± 1.1% of the cell population (Figure 5B).
256Robust cell proliferation was observed on the scaffolds, with a
2572- and 4-fold increase in cell number by day 4 and day 7,
258respectively (Figure 5B). Supplementation of the culture on
259day 2 with TGF-β led to a 1.5-fold increase in cell proliferation
260(Figure 5C). Y27632 at 1000 nM did not affect the viability of

Figure 4. Characterization of the fibrous PCL/HA60 scaffold by
confocal microscopy. (A) The core−shell structure was confirmed by
staining the HA shell with HABP-biotin/Alexa-Strep (green) and the
PCL core with CellTracker Red (red). (B) Cy5-TCO (pink) was used
as a surrogate for RGD-TCO to confirm peptide conjugation. The
PCL core was stained by Hoechst and false colored as green for easy
visualization.

Figure 5. Characterization of VFFs cultured on fibrous PCL/HA60
scaffolds by live/dead staining. (A) Representative confocal images
showing live cells stained green by calcein AM and dead cells stained
red by ethidium homodimer, respectively, after 2, 4, and 7 days of
culture. (B) Quantification of viability and proliferation as a function
of culture time. (C) Effect of TGF-β treatment on cell proliferation on
day 7. Percent viability was quantified based on the confocal images
using ImageJ. Cell proliferation is expressed as fold change in calcein
positive regions normalized to day 2. Quantification was carried out
using ImageJ software based on three separate 1024 × 1024 μm2

confocal images. *: Significantly different (p < 0.05, ANOVA). Error
represents standard error of the mean of three repeats.
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261 VFFs (Figure S7), in agreement with previous reports.38,42

262 Cells maintained on PCL/HA2 exhibited a similar pattern of
263 viability and growth (Figure S8).
264 Next, we evaluated cell phenotype by immunostaining for

f6 265 αSMA, a myofibroblastic marker (Figure 6A, Figure S10A). By

266 day 7, only 27.5 ± 0.6% cells seeded on PCL/HA60 scaffolds
267 expressed αSMA (UNT). Upon stimulation with TGF-β, the
268 percentage of αSMA+ cells on PCL/HA60 increased to 63.1 ±
269 0.8% (+TGF-β). Cells cultured with Y27632 showed weak and
270 diffuse αSMA/F-actin staining. On average, 10.6 ± 0.4% cells
271 were αSMA+ (+ROCKi). Introduction of Y27632 after a 3-day
272 TGF-β stimulation significantly suppressed the myofibroblast
273 differentiation; the inductive effect of TGF-β was attenuated.
274 On average, 26.4 ± 0.7% of cells were αSMA+ (+TGF-β/
275 +ROCKi). By contrast, a higher perecentage of cells cultured
276 on HA/PCL2 were αSMA+ under all conditions (Figures S9A
277 and S10B).
278 The production of ED-A FN indicates the onset of
279 myofibroblast differentiation.3 In the absence of TGF-β or
280 Y27632, cells secreted very little ED-A FN (Figure 6B). TGF-β
281 stimulation resulted in a 3.5-fold increase in the upregulation
282 of ED-A FN (Figure S11A) and induced the bundling of ED-A
283 FN fibers.43 Exposure of cells to Y27632, but not to TGF-β,
284 reduced the synthesis of ED-A FN by 57.5 ± 1.1%. When we
285 primed the VFFs with TGF-β, Y27632 reduced ED-A FN
286 production by 44.7 ± 1.0%. On the other hand, cells on PCL/
287 HA2 consistently expressed a higher level of the protein even
288 in the presence of Y27632 (Figures S9B amd 11B).
289 During myofibroblast differentiation, the expression of
290 αSMA is associated with formation of large mature focal
291 adhesions (FAs).44 Vinculin is a major cytoplasmic FA protein
292 that regulates the cell migration and traction forces during
293 wound healing.45 Vinculin staining on cells on PCL/HA60 was
294 intracellular and diffuse (Figure 6C). Even when treated with
295 TGF-β, we only observed a few isolated regions with
296 localization of vinculin to the periphery of the cells as puncta.
297 Inhibition with Y27632 led to the disassembly of F-actin stress
298 fibers, thereby decreasing focal adhesion sites on the scaffolds.
299 When primed with the soluble growth factor, ROCK inhibition
300 resulted in the cytoplasmic translocation of vinculin. It has

301been shown that TGF-β increased the expression of integrin
302receptors and vinculin-containing focal adhesion complexes
303with the recruitment of stress fibers. By comparison, cells
304cultured on PCL/HA2 developed distinct and mature FA
305complexes, with vinculin localized at the extremities of the F-
306actin stress fibers in a discrete punctuated pattern (Figure
307S9C). Our results confirm the ability of fibrous PCL/HA60
308scaffolds to suppress/reverse myofibroblast differentiation and
309highlight the need for complete encasement of the PCL fiber
310with a thick, coheasive HA shell.
311In summary, microfibrous scaffolds with a stiff PCL core and
312a soft HA shell were fabricated by electrospinning and tetrazine
313ligation-mediated cLBL assembly. The fast tetrazine ligation
314enabled rapid and robust growth of the HA shell without any
315catalyst or external triggers. The resultant scaffolds supported
316the attachment and growth of TCPS-primed VFFs and
317effectively suppressed myofibroblast differentiation. Our results
318suggest that priming scar tissues with a fibrous patch that is
319mechanically robust but contains a soft and compliant HA
320coating will effectively suppress the fibrogenesis and promote
321tissue repair. To further enhance the therapeutic efficacy,
322antifibrotic drugs, such as pirfenidone and hepatocyte growth
323factor, can be loaded in the PCL core and HA shell for
324sustained release. Overall, the scaffold is designed to modulate
325the ECM environment and cellular programs to antagonize
326myofibroblast differentiation and promote the growth of
327healthy tissues.
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Figure 6. Representative confocal images of day 7 cultures on PCL/
HA60, showing nuclei and F-actin stained blue and red, respectively.
αSMA (A), ED-A FN (B), and vinculin (C) were stained green.
White arrowheads indicate the point at which vinculin overlaps with
the F-actin fibers at the tip of the filopodia.
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