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Single-dose mRNA therapy via biomaterial-mediated 
sequestration of overexpressed proteins
Andrew S. Khalil1,2*†, Xiaohua Yu1,2,3‡§, Jennifer M. Umhoefer4||, Connie S. Chamberlain2,  
Linzie A. Wildenauer2, Gaoussou M. Diarra5, Timothy A. Hacker5, William L. Murphy1,2,6,7¶

Nonviral mRNA delivery is an attractive therapeutic gene delivery strategy, as it achieves efficient protein over-
expression in vivo and has a desirable safety profile. However, mRNA’s short cytoplasmic half-life limits its utility 
to therapeutic applications amenable to repeated dosing or short-term overexpression. Here, we describe a 
biomaterial that enables a durable in vivo response to a single mRNA dose via an “overexpress and sequester” 
mechanism, whereby mRNA-transfected cells locally overexpress a growth factor that is then sequestered within 
the biomaterial to sustain the biologic response over time. In a murine diabetic wound model, this strategy 
demonstrated improved wound healing compared to delivery of a single mRNA dose alone or recombinant pro-
tein. In addition, codelivery of anti-inflammatory proteins using this biomaterial eliminated the need for mRNA 
chemical modification for in vivo therapeutic efficacy. The results support an approach that may be broadly 
applicable for single-dose delivery of mRNA without chemical modification.

INTRODUCTION
Drug delivery strategies involving active biologics, such as recombinant 
proteins, are frequently limited by low biological activity in vivo. 
This limitation has led to delivery of supraphysiological doses of 
therapeutic proteins and, in turn, frequent negative side effects in 
clinical use (1–3). Nucleic acid delivery represents an attractive 
alternative approach, as targeted cells can produce their own thera-
peutic proteins in situ with high biologic activity. However, safely 
delivering the foreign nucleic acid to target cells in vivo remains a 
substantial challenge (4). Nonviral delivery of mRNA has a number 
of attractive features that may combine high gene transfer efficacy 
with a positive safety profile, in contrast with other nucleic acid 
delivery approaches (5–7). Specifically, mRNA delivery does not 
require transport of the nucleic acid to the nucleus, as illustrated 
in Fig. 1A, and therefore, transgenes can be efficiently expressed in 
nonmitotic cell populations often encountered in vivo (8). In addi-
tion, mRNA is not a suitable molecule for homologous recombina-
tion or insertional mutagenesis; thus, the safety profile of mRNA 
delivery is highly desirable.

Despite the potential advantages of mRNA delivery, several 
challenges limit its use as a biologic therapy. One major challenge is 
the short cytoplasmic half-life of mRNA, which limits the duration 
of in situ protein production to just hours. Repeated dosing could 
potentially address the issue of poor mRNA half-life, but reagents 
used for nonviral mRNA delivery have their own issues of safety and 
local toxicity, rendering repeated dosing potentially dangerous (9). 
An additional limitation is the antigenicity of in vitro–transcribed 
mRNA. This limitation has been addressed via the use of chemically 
modified ribonucleobases, which improve efficacy of mRNA delivery 
(10), but may reduce translation efficiency (10, 11), decrease or 
result in unintended interactions with RNA binding proteins that 
endogenously recognize and regulate mRNA dynamics through these 
chemical modifications (12); it may also increase production cost. 
Thus, there is a need for new strategies that capitalize on the poten-
tially transformative benefits of nonviral mRNA delivery by amplifying 
therapeutic effects and minimizing the doses required for thera-
peutic efficacy.

Previously, we have demonstrated that mineral-coated micro-
particles (MCMs) can improve plasmid DNA (pDNA) transfection 
efficiencies via a localized delivery mechanism illustrated in Fig. 1B, 
while simultaneously reducing the reagent-associated cytotoxicity 
(13). Similarly, delivery of mRNA via MCMs here increased the 
number of enhanced green fluorescent protein–positive (EGFP+) 
cells relative to standard mRNA transfection. In addition, we have 
previously found that nanostructured mineral coatings can sequester 
and stabilize labile growth factors against denaturation, allowing for 
sustained protein release and prolonged stimulation of the intended 
biological response (14, 15). On the basis of these previous observa-
tions, we hypothesized that MCMs locally delivering mRNA could 
drive efficient production of a therapeutic protein and that the 
MCMs could sequester and stabilize the protein, thereby extending 
the duration of the intended biological response.

Here, we demonstrate that mRNA delivered via MCMs is highly 
effective in promoting transient overexpression in vitro and in vivo. 
The MCMs also locally sequester and stabilize the overexpressed 
secreted proteins, resulting in increased biological effects of the 
proteins. We demonstrate the utility of this approach as an in vivo 
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therapy using a murine model of diabetic wound healing. We also 
provide a first demonstration that localized codelivery of wild-type 
mRNA (WT-mRNA) with anti-inflammatory proteins results in 
transfection efficiency that is equivalent to chemically modified 
mRNA (CM-mRNA) delivery, providing an alternative, materials-based 
approach for effective mRNA delivery. Together, these results provide a 
new approach for an effective single-dose mRNA treatment, which may 
be applicable to a number of regenerative medicine applications.

RESULTS
Nonviral mRNA delivery via MCMs improved transfection 
in nonmitotic primary human cells when compared to pDNA 
delivery or standard mRNA lipofection
We used mitotically inactivated primary cells to demonstrate the 
potential utility of MCM-mediated delivery of mRNA over pDNA 
delivery in therapeutic applications. Primary cells were selected, as 
many transformed cell lines are quite easy to transfect, while primary 

cells are often less so. We mitotically inactivated these cells to inhibit 
passive nuclear transport of pDNA during mitosis, as primary cells 
in vivo are largely nonmitotic. After mitotic inactivation via mito-
mycin C treatment, we observed higher efficiency transfection of EGFP 
mRNA chemically modified (CM-mRNA) with ribonucleobases 
pseudouridine (U) and 5-methylcytidine (5-meC) when compared to 
EGFP pDNA in primary human dermal fibroblasts (hDFs; Fig. 1C). These 
two base modifications have been previously established to improve 
protein expression from delivery of in vitro transcribed mRNA in 
multiple cell types including hDF (16–18). In addition, CM-mRNA 
provided a dose-dependent transgene response, while pDNA did not, 
as evidenced by the increase in bioluminescence after transfection 
with CM-mRNA encoding for firefly luciferase (FLuc; Fig. 1D). 
Delivery of EGFP CM-mRNA lipoplexes from MCMs resulted in a 
1.28-fold increase in transfection efficiency when compared to stan-
dard CM-mRNA lipofection (Fig. 1E). However, the CM-mRNA–
based transfection resulted in only short-term transgene expression, 
as bioluminescence decreased to 21.8% of peak expression after 
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Fig. 1. Mineral-coated microparticle–mediated mRNA delivery is a highly efficient approach for overexpressing transgenes in nonmitotic primary human cells. 
(A) Schematic of intracellular trafficking differences between nonviral delivery of pDNA and mRNA. Chemical transfection of pDNA and chemically modified mRNA (CM-mRNA) 
follows similar cellular internalization pathways. Upon cytoplasmic delivery, however, mRNA can proceed directly to translation, obviating nuclear transport that prevents 
efficient nonviral pDNA transfection in nonmitotic cells. (B) Schematic for lipoplex loading onto mineral-coated microparticles (MCMs), delivery to human dermal fibroblast 
(hDF), and subsequent cellular uptake in vitro. (C) Representative epifluorescence micrographs of mitomycin C–treated hDFs transfected with EGFP-encoding pDNA and 
CM-mRNA taken 12 hours after transfection with EGFP+ cells in green. Scale bar, 500 m. (D) Luciferase expression increases (left) in mitomycin C–treated hDFs transfected 
with FLuc-encoding CM-mRNA, but not pDNA. n = 3; *P ≤ 0.05, one-way analysis of variance (ANOVA). Luciferase expression peaks at 6 hours after transfection (right) 
in mitotically inactivated hDFs and sharply decreases by 24 hours. RLU, relative luminescence unit. (E) Epifluorescence micrographs (top) of mitomycin C–treated 
hDFs transfected with EGFP CM-mRNA with (+) and without (−) MCMs. Comparison of number of EGFP+ cells (bottom) transfected with (+) and without (−) MCMs. 
n = 3; *P ≤ 0.05, Student’s t test.
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24 hours (Fig. 1D), and delivery via MCMs did not cause an increase 
in the duration of transgene expression (fig. S1).

MCMs improved the biological effects of basic fibroblast 
growth factor CM-mRNA delivery in primary human cells via 
a protein sequestering mechanism
MCM-mediated transfection of CM-mRNA encoding for basic fibro-
blast growth factor (bFGF; fig. S2, A and B) increased hDF proliferation 
relative to transfection without MCMs (Fig. 2, A and B). Epifluores-
cence micrographs illustrated this increase using a click- chemistry 
compatible thymine analog [Click-iT EdU (5-ethynyl-2’-deoxyuridine)] 
that labels cells which have progressed through S phase (Fig. 2A). 
CM-mRNA delivery via MCMs resulted in a 3.5-fold increase in S phase+ 
hDFs at 2 days after transfection (Fig. 2B). While the bFGF expression 
level in the CM-mRNA delivery conditions were equivalent with or 
without MCMs (Fig. 2B), most of the overexpressed bFGF in the 

MCM+ condition (58.1 ± 4.5%) was not freely soluble in the media 
(free) but instead sequestered in the MCMs (Fig. 2B). This result 
indicated that MCMs could both deliver the mRNA cargo and sub-
sequently sequester the cell-secreted gene product, in this case, bFGF.

Sequestering of secreted mCherry via MCMs also visually il-
lustrated the protein sequestering mechanism (Fig. 2, C and D). 
Specifically, we designed a DNA template for mRNA synthesis that 
combined gene sequences for the secretion signal peptide from mouse 
matrix metalloproteinase 9 with mCherry fluorescent protein (Fig. 2D). 
Transfection of CM-mRNA generated from this template resulted 
in a red fluorescent protein that could be observed 12 hours after 
transfection in the cytoplasm but lost by 48 hours (Fig. 2D). After 
48 hours, MCMs began to fluoresce red, indicating that they had 
sequestered the secreted mCherry protein (Fig. 2D). At the 12 hours 
post-transfection time point, where the observed red fluorescence 
was still cytoplasmic, and in control conditions without secreted 
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Fig. 2. MCMs extend biological effects of mRNA delivery via an “overexpress and sequester” mechanism. (A) Representative epifluorescence micrographs of hDFs 
transfected with 150-ng bFGF CM-mRNA with (+) and without (−) MCMs, 48 hours after transfection. Scale bar, 500 m. (B) Left: S phase+ cells (red) quantified as the 
percentage of total 4′,6-diamidino-2-phenylindole (DAPI; blue) nuclei. n = 3; *P ≤ 0.05, one-way Student’s t test. Right: bFGF production and sequestering after bFGF 
CM-mRNA transfection. “Free” represents bFGF in the media, and “sequestered” is the measured bFGF after mineral coating dissolution via EDTA. n = 3. (C) Schematic of 
overexpress and sequester mechanism. MCMs deliver mRNA lipoplexes and then bind and sequester the secreted protein, sustaining growth factor release over time and 
prolonging the biological response. (D) Schematic (top) for model secreted mCherry protein and (bottom) merged phase and epifluorescence micrographs of transfected 
hDFs 12 (left) and 48 (right) hours after transfection. Scale bar, 50 m. (E) Representative IVIS image of the secreted mCherry CM-mRNA + MCM–treated dermal wound 
(left wound) and saline control (right wound) 48 hours after delivery. (F) Red fluorescence radiant efficiency within each transfected or saline wound site over five with 
MCMs (left) and without (right). n = 3; *P < 0.05 by two-way ANOVA.
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mCherry encoding CM-mRNA, we observed no colocalized red 
fluorescence with the MCMs (Fig. 2D). In addition, the cell culture 
media increased in red fluorescence after 48 hours for cells trans-
fected without MCMs, but not with MCMs, providing further evi-
dence that the mCherry protein was being efficiently sequestered 
into the MCMs (fig. S3A).

Protein sequestering also extended the retention of an over-
expressed secreted protein in a murine dermal wound (Fig. 2E). 
We created two contralateral wounds in each animal and delivered 
mCherry CM-mRNA to one wound, with or without MCMs, and 
saline to the contralateral wound within the same animal. We ex-
amined each wound at 12, 24, 48, 72, and 120 hours after trans-
fection and measured mCherry red fluorescence within the wound 
borders using an in vivo imaging system (IVIS). Over this 5-day 
time course, MCM-based delivery resulted in higher red fluorescence 
within the treated wound, relative to the contralateral saline control, 
while soluble delivery did not (Fig. 2E). The higher red fluorescence 
in the treated wound relative to the saline control indicated an 
enrichment and retention of the overexpressed mCherry protein over 
this 5-day time course (Fig. 2E). To quantify this local mCherry 
enrichment within the intended wound site, we normalized the red 
fluorescence in the treated wound to the saline control within each 
animal (fig. S3B). After 12 hours, MCM-mediated delivery resulted 
in a 1.9-fold increase in mCherry enrichment in the treated wound 
and, by day 5, mCherry fluorescence was 2.9-fold higher in the 
treated wound (fig. S3B). In comparison, soluble delivery resulted 
in 0.9- and 1.2-fold mCherry enrichment in the treated wound 
relative to the saline control for soluble delivery after 12 hours and 
5 days, respectively (fig. S3B). Together, these results demonstrated 
that MCMs could locally sequester cell-secreted, mRNA-encoded 
proteins both in vitro and in vivo. We next endeavored to determine 
whether this protein sequestering mechanism could result in greater 
activity of the secreted proteins.

bFGF produced in situ via MCM-mediated CM-mRNA 
delivery had greater bioactivity than recombinant bFGF
Previous studies (19) have shown that in vitro treatment with re-
combinant human bFGF (rhbFGF) stimulates proliferation in hDFs. 
Thus, to evaluate biological activity of our mRNA delivery approach, 
we evaluated hDF proliferation in response to rhbFGF delivered via 
MCMs versus bFGF produced in situ via MCM-mediated CM-mRNA 
delivery (Fig. 3A). MCM delivery of rhbFGF (1 or 10 ng/ml) led to 
a 1.9 ± 0.8% or 38.3 ± 2.7% increase in hDF proliferation, respec-
tively (Fig. 3, B and C). MCM-based delivery of CM-mRNA resulted 
in proliferation rates equivalent to MCM delivery of rhbFGF (10 ng/ml; 
Fig. 3, B and C), as each caused ~20-fold higher hDF proliferation 
than soluble rhbFGF (1 ng/ml; Fig. 3C). However, the cell-secreted 
bFGF concentration was 53-fold lower than the rhbFGF condition 
(10 ng/ml), indicating that the cell-secreted bFGF had substantially 
higher bioactivity (Fig. 3C).

One possible reason for the marked increase in bioactivity of 
cell-secreted, mRNA-encoded bFGF when compared to rhbFGF could 
involve cell production of other bioactive bFGF isoforms. Thus, we 
next explored the potential effects of high–molecular weight (HMW) 
bFGF isoforms, which are known to translocate to the nucleus and 
promote fibroblast proliferation in low-serum conditions (20), as 
a potential explanation for the observed higher bFGF bioactivity. 
Immunofluorescence for bFGF (Fig. 3D) and confocal microscopy 
(fig. S4) revealed that mRNA delivery had more prominent presence 

of nuclear bFGF when compared to rhbFGF delivery. In particular, 
image cytometry–based quantification of the mRNA delivery con-
dition showed a 30.1% relative increase in nuclear bFGF immuno-
fluorescence relative to untreated serum-starved hDFs, while rhbFGF 
(10 ng/ml) only increased nuclear bFGF by 19.8% (Fig. 3E).

MCM-mediated CM-mRNA delivery improved dermal wound 
healing in diabetic mice
Next, to evaluate the potential therapeutic effects of bFGF mRNA 
delivery, we measured the wound perimeters of full-thickness dermal 
wounds with wound edges fixed to prevent contraction in db+/db+ 
mice over 19 days (Fig. 4, A and B). We additionally evaluated the 
final wound resolution quality after 19 days via blinded assessment 
and histological scoring of hematoxylin and eosin (H&E)–stained 
wound cross sections (fig. S5). Similar to studies assessing the effi-
cacy of exogenously delivered therapeutics on murine and leporine 
dermal wound healing (21–23), this scoring system aimed to capture 
the stage of wound resolution as an endpoint analysis, focusing on 
degree of wound closure, appearance, and continuity of stratified 
dermis and epidermis, as well as resolution of granulation tissue 
(fig. S5).

A single treatment of 3-g bFGF CM-mRNA delivered via MCMs 
(CM-mRNA + MCM) decreased wound perimeter relative to no 
treatment by 59.1% after 19 days, while 5-g rhbFGF protein ad-
sorbed and delivered via MCMs (bFGF + MCM) resulted in no im-
provement (Fig. 4C). CM-mRNA + MCM additionally improved 
the wound resolution score (5.44) relative to the no-treatment 
control (3.19), on a scale of 1 to 6 (Fig. 4D). This score of 5.44 in the 
CM-mRNA + MCM condition represented a mean healing response 
of complete reepithelization, resolution of granulation tissue, and 
near-complete return to wound thickness and matrix deposition. In 
contrast, the bFGF + MCM treatment resulted in a wound resolution 
score (2.88) not significantly different from no treatment (Fig. 4D). 
There were no observed differences in total collagen deposition, 
epidermal keratin content, or endothelial cell infiltration between 
treatment groups (figs. S6 and S7) via analysis of red and blue staining 
intensity, respectively, of Masson’s trichrome and diaminobenzidine 
(DAB) density from immunohistochemistry for CD31. The CM- 
mRNA + MCM group resulted in 25.8% reduction in collagen type 
I relative to the no-treatment control (Fig. 4E). CM-mRNA + MCM 
and bFGF + MCM trended toward increased epidermal keratin 
content by 246.3 and 222.0%, respectively (Fig. 4E), although these 
results were not statistically significant.

To specifically examine the effect of MCMs on CM-mRNA– 
mediated wound healing, we next compared a single, lower dose of 
0.7-g bFGF CM-mRNA delivered with MCMs (CM-mRNAlow + 
MCM) or without MCMs (CM-mRNAlow-MCM; fig. S8, A and B). 
This lower dose was required as the CM-mRNA (high) dose in-
volved first binding mRNA lipoplexes to MCMs and then concen-
trating them into a volume compatible with the wound geometry 
(20 l), making comparisons at 3 g CM-mRNA without MCMs 
not possible. At this lower dose, neither delivery with nor without 
MCMs improved the wound perimeter reduction rate relative to no 
treatment (fig. S8C). However, the CM-mRNAlow + MCMs resulted 
in significantly improved wound resolution score (4.5) relative to 
the no-treatment control (3.2), while delivery of the CM-mRNAlow 
without MCMs (3.9; figs. S8D and S9) and MCMs alone (3.7) 
(fig. S10, A to D) provided no significant improvement in wound 
resolution. There were no observed differences in total collagen 
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deposition or endothelial cell infiltration between treatment groups 
(figs. S6, S7, S8E, S9, S10E, and S11) via analysis of blue staining 
intensity of Masson’s trichrome and DAB density from immuno-
histochemistry for CD31. The CM-mRNAlow treatments with and 
without MCMs reduced collagen type I deposition by 72.3 and 
47.2%, respectively, relative to the no-treatment control (fig. S8E). 
The CM-mRNAlow + MCM additionally increased the amount of 
epidermal keratin content by 513.8% (fig. S8E).

The CM-mRNA + MCM treatment also resulted in the fewest 
mean days to complete wound closure (23.2 ± 2.6 days) when com-
pared to no treatment (28.3 ± 2.3 days), bFGF + MCM delivery 
(32.2 ± 6.2 days), CM-mRNAlow + MCMs (29.5 ± 2.6 days), or 
CM-mRNAlow-MCMs (34.3 ± 13.0 days) (fig. S12, A and B). Thus, 
the expected wound closure time with CM-mRNA + MCM treat-
ment was reduced by 18.1% relative to no treatment and was the 
only treatment condition that resulted in a significant improvement 
(fig. S12A).

MCM-mediated codelivery of WT-mRNA with B18R improved 
biological outcomes
In vitro transfection of hDFs with bFGF-encoding CM-mRNA 
resulted in a 2.28-fold increase in bFGF production relative to 
WT-mRNA (fig. S13A). Treatment of cells with the viral interferon- 
(IFN) suppressing protein B18R has been previously shown (10, 24) 
to reduce the inflammatory signaling pathways responsible for lower 
transgene expression in WT-mRNA relative to CM-mRNA trans-
fection. In our experiments, codelivery of B18R via MCMs increased 
luciferase expression 1.56-fold in FLuc WT-mRNA–transfected hDFs 
relative to cells treated with soluble B18R alone (fig.S 13B). In vitro, 
the bFGF production after WT-mRNA + B18R + MCM delivery was 
equivalent to bFGF production after CM-mRNA + MCM delivery 
(fig. S13C). In vivo, a single treatment of 3-g WT-mRNA codelivered 
with 400-ng B18R delivered via MCMs (WT-mRNA + B18R + MCM; 
Fig. 5A) increased dermal wound perimeter reduction relative to 
no treatment by 87.9% after 19 days, while the same amount of 
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Fig. 3. In situ–produced bFGF has greater bioactivity than recombinantly produced bFGF. (A) Schematic of in situ recombinantly produced bFGF bioactivity 
comparison. Serum-starved hDFs were treated with recombinant bFGF (1 or 10 ng/ml) or bFGF CM-mRNA, all via MCMs. Forty-eight hours after treatment, the media 
was collected for bFGF quantification via enzyme-linked immunosorbent assay and cells analyzed for proliferation. (B) Representative epifluorescent micrographs of 
1 (left) and 10 ng/ml (middle) recombinant bFGF and 300-ng CM-mRNA (right) all delivered with MCMs. DAPI+ nuclei (blue) and S phase+ nuclei (red). Scale bar, 100 m. 
(C) Number of S phase+ nuclei as a percentage of total nuclei (left axis) and amount of total bFGF delivered or produced (right axis, log scale). n = 3; *P < 0.0001 by one-way 
ANOVA with Tukey’s post hoc analysis. (D) Right: Representative epifluorescence micrographs for nuclear bFGF immunofluorescence in serum-starved hDF treated with 
bFGF (10 ng/ml), bFGF CM-mRNA, or no treatment. Scale bar, 100 m. (E) Image cytometry of nuclear immunofluorescence for bFGF in serum-starved hDF treated 
with bFGF (10 ng/ml), bFGF CM-mRNA, or no treatment. Nuclei (1500 to 2500) measured, pooled from two experimental replicates. ****P < 0.0001 by one-way ANOVA 
with Tukey’s post hoc analysis for multiple comparisons. RFU, relative fluorescence units.
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WT-mRNA delivered via MCMs without B18R (WT-mRNA + MCM) 
resulted in no improvement (Fig. 5, B and C). WT-mRNA + B18R + 
MCM also improved the wound resolution score (4.75) relative to 
the no-treatment control (3.19), on a scale of 1 to 6 (Fig. 5D), while 
WT-mRNA + MCM (2.95) showed no improvement (Fig. 5D). These 
data demonstrate that in this experimental context, codelivery of mRNA 
with B18R obviates the need for chemical modification of mRNA. 
There were no observed differences in total collagen deposition or 
endothelial cell infiltration between treatment groups (figs. S14 and 
S15) via analysis of blue staining intensity of Masson’s trichrome 
and DAB density from immunohistochemistry for CD31. The 
WT-mRNA + B18R + MCM treatment reduced collagen type I 
deposition by 33.3% and increased the amount of epidermal keratin 
content by 545.0% relative to the no-treatment control (Fig. 5E).

DISCUSSION
Conventional nonviral pDNA delivery is largely dependent on pas-
sive nuclear transport during mitosis and is therefore an ineffective 
gene therapy strategy for cells not active in the cell cycle (Fig. 1), 
such as most cells found in vivo (25, 26). Delivery of mRNA over-
comes this limitation but is critically limited in therapeutic efficacy 
by its short intracellular half-life that necessitates repeated dosing 
(7). We demonstrated this paradigm here, where mRNA delivery 
resulted in higher mRNA transfection efficiency and transgene 
expression than pDNA in mitotically inactivated primary human 

fibroblasts (Fig. 1, C and E), but expression was lost after 24 hours 
(Fig. 1D and fig. S1) To overcome current limitations in nonviral 
mRNA delivery, we explored the use of MCMs.

Although MCMs increased the number of EGFP+ cells from 
mRNA transfection, they had no impact on the duration of trans-
gene expression (fig. S1). This finding illustrated the need for a new 
mRNA delivery approach for therapeutic applications focused on 
extending the effects of mRNA transfection. We hypothesized that 
MCMs could potentially extend the therapeutic effects of cell-secreted 
gene products, as they simultaneously afford both highly efficient 
localized nonviral gene delivery, and they can efficiently sequester 
and release therapeutic proteins (13, 14, 27–30). Specifically, we aimed 
to use MCMs to locally deliver mRNA with high gene transfer effi-
ciency and reduced toxicity (13) while also sequestering the over-
expressed protein and thereby extending the therapeutic effects 
(14). Our results here provide a new “overexpress and sequester” 
approach for nonviral mRNA delivery that uses a synthetic material 
(MCMs) to achieve single-dose mRNA delivery to improve wound 
healing in a murine model of diabetic ulcers and obviate the need 
for chemical modification of therapeutic mRNA.

We demonstrated that MCMs can improve the biological effects 
of mRNA encoding for the therapeutic protein bFGF (Fig. 2, 
A and B). Using proliferation of serum-starved hDF as an assay 
provided us with a model to measure this improvement, as previous 
studies have established that bFGF has a short half-life in cell 
culture media (~7 hours) (31), and a cellular response provides an 
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unambiguous readout of protein bioactivity. In addition, we have 
previously examined the effects of MCMs on primary cells including 
hDFs (13, 14) in delivering nucleic acids and recombinant bFGF. 
We have observed that delivery of nucleic acids via MCMs does not 
increase the metabolic activity above baseline (13) and does not pro-
mote proliferation without active bFGF (14). At the 2-day time point 
of this experiment, we expected that little or no remaining bFGF 
from the initial overexpression would be present or remain bio-
active, given the short bFGF half-life and the low level of additional 
transgene expression after the first 24 hours (Fig. 1C and fig. S1). 
Our observation that MCM delivery of bFGF mRNA resulted in bio-
logical activity at the 2-day time point provided initial evidence that 
the MCMs were likely sequestering cell-secreted bFGF and thereby 
prolonging bFGF bioactivity. To visualize and validate our proposed 
mechanism (Fig. 2C), we delivered mRNA encoding for a secreted 
mCherry fluorescent protein (Fig. 2D) and directly demonstrated 
that the mCherry had indeed been “overexpressed,” secreted by the 
cells, and “sequestered” in the mineral coating of the MCMs.

In this study, our plasmid template contained the coding sequence 
for not just a single isoform, but multiple bFGF isoforms found in 
the endogenous bFGF locus, including the additional upstream non-
canonical CUG nucleotide sequence start sites for the HMW bFGF 
isoforms (fig. S2A). These HMW bFGF isoforms could be important, 
as they have been shown to promote cell proliferation in concert 
with low–molecular weight isoforms in low-serum conditions by 
translocating to the nucleus (32). Here, we found that mRNA delivery 
increased nuclear bFGF relative to either no treatment or recombi-
nant bFGF delivery. This finding illustrates a fundamental distinc-
tion between gene delivery and protein delivery, where the use of a 

properly designed transcript can allow for activation of endogenous 
autocrine and paracrine signaling pathways (33–35) that would not 
be achieved via a single, exclusively extracellular isoform of a re-
combinant protein. In a clinical regenerative medicine setting, this 
may translate to lower effective doses of the therapeutic agent while 
maintaining or increasing the therapeutic effect. This would be a 
potential advantage over recombinant protein–based therapies, which 
can lead to untoward heterotopic effects due to the supraphysiological 
doses required (2, 3, 36).

To explore the potential therapeutic utility of our approach, we 
observed an increase in wound closure in a murine diabetic model 
using mice with homozygous mutations to the leptin receptor (db+/
db+) and treatment with bFGF CM-mRNA delivered via MCMs. 
db+/db+ mice have been previously used (37) as a model for chronic 
diabetic wounds when the wound perimeter is restricted in place 
and wound healing is limited to only re-epithelialization and regrowth 
of the dermal tissue. Previously, researchers have demonstrated that 
either 5 g/cm2 daily doses(37) or a sustained release of 7 to 14 g/cm2 
of bFGF from a scaffold (38–40) was required to improve outcomes 
in this murine model of diabetic wound healing and that increased 
bFGF dosage showed no improvement or worse outcomes (38, 39). 
As we have previously demonstrated that these mineral coatings 
are capable of sustained delivery of a variety of growth factors 
(27, 28, 41–43), including bFGF (14), we selected 5 g of sustained 
delivery from MCMs as an experimental condition to allow for 
comparison of single-dose mRNA therapy versus recombinant pro-
tein therapy.

The CM-mRNA dose was selected on the basis of our previous 
reports using MCMs for lipoplex delivery (13), which showed peak 
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transfection efficiency of fibroblasts in vitro achieved at a dosage of 
approximately 3-g mRNA/cm2. We observed a significant increase in 
wound perimeter reduction in the CM-mRNA + MCM treatment relative 
to no treatment after 7 days, which continued to increase for 19 days 
(Fig. 4C). In addition, we fit exponential curves to each wound 
perimeter over time to estimate the time until complete wound clo-
sure (fig. S12). On the basis of previous studies in human patients 
with diabetes (44), this type of wound closure modeling has pre-
dictive value for the expected overall wound resolution and patient 
outcome. Decreased expected time to complete closure with CM- 
mRNA + MCM treatment in this model indicated that MCMs offer 
significant increase in potential therapeutic utility of mRNA deliv-
ery. As we have previously demonstrated, the promiscuous electro-
static binding of mineral coatings allows for sustained release of a 
range of other growth factors, cytokines, and enzymes, including 
bone morphogenetic protein–2 (27, 45), vascular endothelial growth 
factor (14, 27, 43), interleukin-1RA (IL-1RA) (41), IL-10 (46), 
NT-3 (neurotrophin-3) (42), and chondroitinase ABC (47). There-
fore, our MCM-mediated overexpress and sequester approach may 
have broad potential in therapeutic applications where in situ pro-
duction and retention of highly bioactive secreted proteins would be 
beneficial.

Histological examinations demonstrated that delivery of bFGF 
CM-mRNA was superior for final wound resolution when com-
pared to recombinant bFGF (Fig. 4D). In addition, we observed 
that MCMs improved the wound resolution, while delivery without 
MCMs did not (fig. S8D). We did not observe any differences in 
total collagen deposition or endothelial cell infiltration between any 
treatment groups (figs. S6, S7, S8E, S9, S10E, S11, S14, and S15). 
However, we did observe a decrease in collagen type I deposition 
with CM-mRNA treatment, which was observed to a greater extent 
when mRNA was delivered via MCMs (Fig. 4D and fig. S8E) or 
when WT-mRNA was codelivered with B18R via MCMs (Fig. 5E). 
A decrease in dermal collagen type I without an overall decrease in 
total collagen content suggests a less fibrotic healing response (48), 
supporting the assertion that CM-mRNA delivered via MCMs 
improves the healing outcomes of the dermis. In addition, we ob-
served that CM-mRNA and WT-mRNA + B18R treatments, when 
delivered via MCMs, trended toward increased epidermal keratin 
content, whereas other treatments or no treatment did not (Figs. 4E 
and 5E, and figs. S6, S7, S8E, S9, S10E, and S11). Although this effect 
was less pronounced, the observed increase in epidermal keratin 
deposition is indicative of a more mature epidermis and earlier on-
set of epidermal healing (49, 50), supporting the observed increase 
in wound closure rate with CM-mRNA delivered via MCMs rel-
ative to bFGF, delivery without MCMs, or the no-treatment and 
vehicle controls (Figs. 4, C and E, and 5, C and E; and figs. S6E, S7, 
S8E, S9, S10E, and S11).

Chemical modification of mRNA has been shown to reduce the 
Toll-like receptor (TLR) and retinoic acid-inducible gene I (RIG-I) viral 
RNA receptor pathways that decrease the transgene expression efficiency 
of WT-mRNA (51). However, this chemical modification step adds cost 
and unpredictability with regard to potential antigenicity of the chemically 
modified ribonucleobases. In addition, some emerging mRNA de-
sign strategies of potential therapeutic value, such as mRNA capable 
of cytoplasmic replication (24) and the design of 3′ untranslated 
regions to provide tissue-specific control of transgene translation 
(52), depend on protein-mRNA interactions that are likely to be 
removed upon mRNA chemical modification. Here, we demon-

strated that we could increase transgene expression levels (fig. S13) 
and in vivo biological outcomes (Figs. 4 and 5) from WT-mRNA 
to equivalency with CM-mRNA by codelivering B18R via MCMs. 
Recognition of delivered WT-mRNA is part of the ubiquitous in-
nate antiviral response pathway mediated via the TLR- and RIG-I–
mediated signaling pathways (53–56). The resulting cytotoxicity 
from WT-mRNA results from downstream induction of the IFN–
nuclear factor B (NFΒ) transcriptional program after TLR and 
RIG-I activation, and B18R inhibits this antiviral state via competitive 
binding of IFN (57). As the IFN-NFΒ transcriptional program is 
part of a ubiquitous innate antiviral response to exogenously delivered 
unmodified mRNA (54, 56), our dual delivery method of mRNA 
along with B18R eliminated the need for mRNA chemical modifica-
tion in the context of bFGF mRNA delivery in vivo. The fundamental 
mechanism by which B18R inhibits the ambitious innate immune 
response to exogenously delivered therapeutic mRNA suggests that 
our dual delivery approach could potentially represent an alterna-
tive to chemical modification in future studies as well.

CONCLUSIONS
Here, we describe a biomaterials-based approach for a single-dose, 
nonviral therapeutic mRNA delivery. MCMs enhanced biological 
outcomes from mRNA delivery by improving mRNA lipofection 
and by locally sequestering overexpressed proteins in situ. We also 
found that in situ produced protein had greater bioactivity than a 
recombinantly produced growth factor due, in part, to activity of 
multiple growth factor isoforms. This higher bioactivity of proteins 
produced via mRNA delivery may be beneficial to biologic therapies 
by lowering the dose required for efficacy and therefore reducing 
the risk of adverse effects. mRNA delivery via MCMs improved 
the rate of wound closure and final resolution in a murine model of 
diabetic ulcers. MCM codelivery of WT-mRNA with B18R obviated 
the need for mRNA chemical modification, and this codelivery 
provides an alternative therapeutic strategy in scenarios where 
chemical modification would reduce or eliminate proper mRNA 
processing or expression. In summary, we have described a single- 
dose mRNA treatment regimen enabled by intrinsic biomaterial 
properties that affords efficient overexpression and sequestration 
of a highly bioactive protein in vivo, offering a broadly applicable 
strategy for therapeutic mRNA delivery.

MATERIALS AND METHODS
Fabrication of MCMs
Hydroxyapatite powder (Plasma Biotal Limited) was used as a micro-
particle core material. The powder was suspended at concentrations 
of 1 mg/ml in mSBF (modified simulated body fluid) containing concen-
trations of 141 mM NaCl, 4 mM KCl, 0.5 mM MgSO4●7H2O, 1 mM 
MgCl2●6H2O, 4.2 mM NaHCO3, 20 mM Hepes, 5 mM CaCl2●2H2O, 2 mM 
KH2PO4, and 1 mM NaF. The suspension was rotated at 37°C for 
24 hours, at which point the microparticles were centrifuged at 2000g 
for 2 min, and the supernatant was decanted and replaced with freshly 
made mSBF. We repeated this process daily for 5 days, at which 
point the MCMs were washed three times with 50-ml deionized 
(DI) water, filtered through a 40-m-pore cell strainer, suspended 
in 15-ml distilled water, frozen in liquid nitrogen, and lyophilized 
for 48 hours. The lyophilized MCMs were then analyzed for nano-
topography and calcium release as previously described (27, 30).
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Culture of hDFs
Dermal fibroblasts from human foreskin (hDF; American Type 
Culture Collection) were grown on tissue culture–treated polystyrene 
(TCPS) flasks (Corning) in Dulbecco’s modified Eagle’s medium 
(DMEM; Corning) with 10% (v/v) fetal bovine serum (FBS; Gibco) 
and penicillin/streptomycin (100 U/ml; Gibco; growth media). Cells 
were passaged at 80% confluence using 0.05% (v/v) trypsin/EDTA 
(Corning). Cells were cryopreserved after three passages in DMEM 
with 20% FBS and 10% dimethylsulfoxide (DMSO; Thermo Fisher 
Scientific) at 500,000 cells/ml. Cells were frozen at −80°C overnight 
and then transferred to storage in liquid nitrogen. Cells used for 
experiments were thawed quickly at 37°C, diluted in growth media, 
and centrifuged at 200g for 5 min, and the supernatant was replaced 
with fresh growth media to remove DMSO from the freezing 
process. Thawed cells were seeded at 500 to 1000 cells/cm2 and used 
for subsequent experiments or further passaging. Cells were not 
expanded beyond seven passages.

Generation of plasmids and mRNA transcripts
bFGF-encoding plasmid (pbFGF; OriGene), EGFP-encoding plas-
mid (Addgene), FLuc plasmid encoding (pFLuc) (Addgene), and an 
empty vector with a phosphoglycerate kinase (PGK) promoter and 
neomycin selection cassette (pPGK; Addgene) were purchased from 
their respective suppliers. Upon receiving the plasmids, they were 
transformed in DH5-chemically competent Escherichia coli (Invitrogen) 
and spread on the appropriate antibiotic selection agar plate. Colonies 
were isolated after ~24 hours and expanded in the appropriate antibiotic- 
containing lysogeny broth. Plasmids were purified from these 
cultures using GeneJET plasmid mini- or maxiprep plasmid purifica-
tion kits (Thermo Fisher Scientific) according to the manufacturer’s 
instructions.

Templates for generation of messenger RNA transcripts were 
either linearized plasmids, linear double-stranded DNA (dsDNA) 
sequences that were commercially synthesized (Integrated DNA 
Technologies), or polymerase chain reaction (PCR) products from 
plasmids or dsDNA sequences. For bFGF mRNA transcripts, the 
pbFGF plasmid was linearized with MsuI at 37°C overnight and 
then purified via column purification (Zymo Research DNA Cleaning & 
Concentrator-5). dsDNA sequences were used directly as templates, 
while PCR products were also purified via column purification. In 
vitro transcription was done using the T7 HiScribe ARCA mRNA 
Transcription Kit (with tailing; New England Biosciences). CM- 
mRNA was generated according to the T7 HiScribe Kit’s manufac-
turer’s protocol using 5-meC and U (TriLink BioTechnologies). 
Denatured mRNA was run in 1.5 weight % agarose gels in Mops 
running buffer (Thermo Fisher Scientific) at 5 V/cm and 4°C with a 
circulating pump constantly circulating buffer between chambers. 
These steps were critical to resolve mRNA gels (fig. S2B).

Transfection of mitotically inactivated hDFs
hDFs were seeded in 96-well TCPS plates at 15,000 cells/cm2 36 to 
48 hours before transfection in growth media. 2.5 hours before 
transfection, hDFs were inactivated with mitomycin C [Alfa Aesar 
(5 mg/ml) in ethanol stock solution]. The mitomycin C solution 
was diluted 500× to 10 g/ml in growth media. The growth medium 
on the cells was replaced with the 1× mitomycin C growth media 
and incubated at 37°C for 2.5 hours. After the incubation, the mi-
totically inactivated cells were returned to growth media. WT- and 
CM-mRNA encoding for EGFP and FLuc (TriLink BioTechnologies) 

were complexed with Lipofectamine Messenger Max (Invitrogen) at 
30 g/ml in Opti-MEM (Gibco) with a ratio of 3 l of Lipofectamine 
Messenger Max per microgram of mRNA. pDNA encoding for EGFP 
(Addgene) and FLuc (Addgene) were complexed with Lipofectamine 
2000 at 30 g/ml with a ratio of 2 l/g of pDNA. The mRNA and 
DNA complex solutions were incubated for 20 min at room tempera-
ture to allow for complexes to form.

For MCM-mediated delivery, nucleic acid lipoplexes were ad-
sorbed onto the MCM surface out of solution via electrostatic incu-
bations as previously described (13). Briefly, after lipoplex formation, 
MCMs and lipoplexes were incubated together for 30 additional 
minutes at room temperature while rotating. After rotating, the 
solution was centrifuged and lipoplex-laden MCMs were resuspended 
for downstream use. Lipofectamine 2000 was used for all pDNA 
transfections, and Lipofectamine Messenger Max was used for all 
mRNA transfections. Cells were transfected with 100 ng of mRNA 
complexes (by mass of mRNA) unless otherwise specified. WT-mRNA 
denotes mRNA synthesized with naturally occurring ribonucleobases. 
CM-mRNA denotes mRNA with uracil substituted with U and 
cytosine substituted with 5-meC.

Cells transfected with EGFP mRNA and pDNA were examined 
for green fluorescence using epifluorescence microscopy (Nikon Ti 
Eclipse with fluorescein isothiocyanate filter cube) 12 and 24 hours 
after transfection. FLuc-transfected cells were lysed using Passive Lysis 
Buffer (Promega) at 6- and 24-hour time points, and their supernatant 
immediately collected for measuring of bioluminescence. To measure 
bioluminescence, 100-l supernatant was added to a microwell plate 
and placed in a Fluoroskan Microplate Reader (Thermo Fisher Scientific) 
with single-well injection capabilities. The injection port was loaded 
with 5 mM MgCl2, 150 M adenosine triphosphate (New England 
Biosciences), and d-Luciferin (150 g/ml; BD Biosciences) in 100 mM 
tris-HCl (pH 7.8; Luciferin buffer) buffer. The plate was set to read 
with injection of 100 l of Luciferin buffer, followed by 10 s of shak-
ing to mix, 30 s of incubation, and then photodetection with 10 s of 
integration. Expression of FLuc transgene was reported as relative 
luminescence units.

In vitro bFGF mRNA delivery efficacy in serum-starved hDFs
hDFs were cultured in 10% DMEM with penicillin/streptomycin (P/S) 
and seeded into cyclic- olefin high-content half-area 96-wells (Corning) at 
1000 cells per well 48 hours before transfection. Twenty-four hours 
before transfection, the cells were transferred into starvation media 
composed of DMEM plus P/S and 0.5% FBS. We starved fibroblasts 
to remove the effects of mitogens contained within serum, including 
bFGF (58), and to synchronize the cells in the G0 state to isolate the 
specific proliferative response to overexpressed bFGF (59). Cells were 
transfected with 150 ng of CM-mRNA as described above. In addi-
tion, cells were treated with recombinant bFGF (either 1 or 10 ng/ml), 
with or without MCMs. For the recombinant bFGF conditions 
with MCMs, these cells were also transfected with the secreted 
mCherry- encoding mRNA transcript. Six hours after transfection, 
the transfected cells were quenched with 10% FBS DMEM for 1 hour 
to promote survival. After the 1-hour quenching, the cells were re-
turned to starvation medium.

Forty-eight hours after transfection, proliferation was measured 
using a Click-iT EdU assay (Thermo Fisher Scientific) according to the 
manufacturer’s protocol. Briefly, the starvation medium was replaced 
with fresh starvation media containing 10 mM EdU and incubated 
for 6 hours. After the 6-hour incubation, the cells were fixed with 



Khalil et al., Sci. Adv. 2020; 6 : eaba2422     1 July 2020

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

10 of 13

10% neutral-buffered formalin and rinsed 3× with 1× PBS. The in-
corporated Edu in the fixed cells was then labeled with Alexa Fluor 
594 according to the manufacturer’s instructions, while the nuclei 
were counterstained with 4′,6-diamidino-2-phenylindole (DAPI). 
Total and EdU-containing nuclei were quantified via epifluorescence 
microscopy on a Nikon Ti-Eclipse using DAPI and tetramethyl 
rhodamine isothiocyanate (TRITC) filter cubes, respectively. The 
object count selection feature in Nikon Elements was used to auto-
matically select and count DAPI and EdU+ nuclei, with the percent 
of EdU of total nuclei reported as the % S phase+ cells.

bFGF production and sequestration was quantified 24 hours post-
transfection using an enzyme-linked immunosorbent assay (R&D 
Technologies) according to the manufacturer’s instructions. Briefly, 
the media was collected from each well 24 hours after transfection 
to determine the “free” produced bFGF. MCMs were then dissolved 
via incubation in 100 mM EDTA in PBS at pH 7.4 for 30 min at 
37°C to determine the sequestered produced bFGF.

Sequestration of model secreted fluorescent protein
A dsDNA template was designed in the online molecular biology 
suite Benchling that contained a noncoding lead sequence of 60 base 
pairs followed by a T7 promoter, a 5′ untranslated region derived 
from -globin, a Kozak sequence, a signal peptide derived from mouse 
matrix metalloproteinase 9, and then mCherry coding sequence. 
The mRNA was synthesized from this template as described above 
containing the U and 5-meC nucleobases to generate CM-mRNA 
encoding for a secreted mCherry protein. hDFs were cultured as 
described above and seeded into cyclin-olefin high- content half-area 
96-well plates (Corning) at 1000 cells per well. The cells were trans-
fected with 75 ng of the CM-mCherry mRNA in Opti-MEM as 
described above and then quenched with 10% FBS DMEM after 
6 hours. After 1 hour of quenching, the media was exchanged with 
5% FBS in FluoroBrite DMEM (Gibco). Twelve hours after trans-
fection, the medium was collected and exchanged with fresh 5% FBS in 
FluoroBrite. The cells were then imaged via phase and epifluorescence 
microscopy using a Nikon Ti-Eclipse and a TRITC filter. Fluorescence 
in the collected medium was measured for red fluorescence using a 
Fluoroskan Multiplate reader (590ex/630em; Thermo Fisher Scientific). 
Media fluorescence was reported as mean relative fluorescence be-
tween three technical replicates (S4.6).

In vivo localization of secreted mCherry
Male C57BLKS/J mice with a homozygous mutation at the leptin 
receptor (db+/db+) were given bilateral circular dermal wounds, 
approximately 1 cm in diameter and approximately 0.5 cm apart 
across the upper back. Briefly, the animals were treated with iso-
flurane at 5% until reaching anesthetic depth and then maintained 
under anesthesia with 2.5% isoflurane during the procedure. The 
hair from the back was removed from the skin using Nair hair re-
moval cream, followed by skin sanitization with 70% ethyl alcohol 
immediately before injury. The skin was pulled away from the 
underlying tissue using forceps, and surgical scissors were used to 
remove the full-thickness skin, including the epidermis, subcuta-
neous fat, dermis, and underlying fascia.

Before treatment, the animals were imaged for red fluorescence 
using an IVIS (PerkinElmer) to provide a baseline level of auto-
fluorescence of the wounds. Briefly, the animals were anesthetized 
with 5% isoflurane and then maintained with 2.5% while imaging. 
The preset imaging protocol for mCherry was selected with a focal 

height of 1.5 cm and the exposure settings automatically controlled. 
Within 1 hour of injury, the treatment group (left wound) was trans-
fected with 3-g CM-mCherry mRNA with MCMs as described 
above, while the right wound received a saline control. Six hours 
after transfection, the surgical dressing was removed, and the animal 
was imaged again for red fluorescence via IVIS. The animals were 
subsequently imaged at 1, 2, 3, 4, and 5 days after transfection. Regions 
of interest were set on each wound, and red fluorescence over time 
was reported as mean radiant efficiency between wounds with the SE.

Dermal wound model in diabetic mice
Animals were injured as described above (in vivo localization of 
secreted mCherry). Within 1 hour of injury, animals were treated with 
3 g of CM-mRNA with 4-g MCM, 5-g recombinant bFGF with 4-g 
MCMs, 3 g of WT-mRNA with 4-g MCMs with and without 
0.4-g B18R recombinant protein, 0.7 g of CM-mRNA (low) with 
and without 0.9-g MCMs, 4-g MCMs alone, 4-g MCMs with 
0.4-g B18R recombinant protein, and Opti-MEM (saline control) 
alone. The mRNA conditions were condensed with Lipofectamine 
Messenger Max as described above in the in vitro experiments. For 
MCM-containing conditions, 4 g of MCMs were used and incubated 
with the mRNA lipoplexes for 30 min at room temperature while 
rotating. For the 3-g mRNA with MCM conditions, the mRNA/
MCM solution was pelleted after 30 min of incubation and re-
suspended at 150 ng/l mRNA. The 3-g mRNA (with and without 
B18R), bFGF, MCMs only (with and without B18R), and Opti-MEM– 
only conditions were delivered in 20 l of total solution per wound, 
while the 0.7 mRNA conditions were delivered in 30 l per wound, 
the maximum volume the wounds were able to hold without the 
fluid spilling over. There was no 3-g mRNA condition without 
MCMs as the volume required to deliver 3-g mRNA without the 
pelleting and concentrating step afforded by the MCMs was greater 
than the volume capacity of the wounds. The treatments were left 
on the wounds for 1 min and then dressed with the Transpore sur-
gical tape (3M) to provide a gas-permeable wound barrier that aided 
in reducing wound infection and to physically restrict the wound 
perimeter to promote reepithelization over wound constriction as 
the method of wound healing. Each treatment consisted of four to 
five animals with two wounds per animal (n = 8 to 10 wounds) with 
treatments divided evenly among separate surgical cohorts. All animal 
care and procedures were carried out under Institutional Animal 
Care and Use Committee–approved protocols overseen by the Research 
Animal Resources and Compliance Department at the University of 
Wisconsin-Madison.

Dermal wound closure measurements
The wound perimeters were measured on days 1, 3, 5, 7, 13, 16, and 
19. Briefly, the animals were anesthetized via isoflurane as described 
above and the wounds photographed. A glass petri dish with a 1-cm 
scale cross was gently pressed on to the Transpore-dressed wound 
to produce a flat-image plane that reduced distortions and artifacts. 
The Transpore tape was replaced as necessary to provide clear 
images of the wound perimeter and ensure that proper wound edge 
physical restriction was maintained. Special care was taken during 
this wound dressing change to minimize disturbing the wound. 
After 19 days of wound measurements, the wound dressing was 
removed for a final image and gross assessment. The animals were 
euthanized via asphyxiation with CO2 the dermal tissue collected 
for later histological analysis. The wounds were analyzed in ImageJ 
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using the 1-cm scale cross from the petri dish and perimeter-tracing 
tool. The wound perimeters were reported as mean wound perimeter 
as a percentage of the starting wound perimeter (n = 8 to 10) with 
the SEM.

Histological assessment of wound resolution
Dermal tissues collected after 19 days of wound perimeter measure-
ments were placed in between tissue foam pads in a tissue cassette 
holder (one wound per holder) and fixed in 10% neutral-buffered 
formalin for ~36 hours. After fixation, the samples were stored in 
70% ethanol while remaining in the tissue cassette holders. The fixed 
tissues were then dehydrated in 100% ethanol, cut laterally through 
the center (full diameter of the wound area), and embedded in 
paraffin with the full dermal thickness transverse to the sectioning 
plane. The embedded tissues were sectioned in 5-m sections and 
mounted on microscope slides for staining.

After sectioning and slide mounting, the samples were cleared 
with 5× 30-s washes in Xylenes and then rehydrated in subsequent 
washes in 100, 95, 90, and 85% ethanol for 10 min each. The sam-
ples were then washed in DI water 3× for 1 min each. Samples were 
treated with Harris hematoxylin with glacial acetic acid for 3 min 
and then rinsed 3× in DI water and then a 5-min incubation in DI 
water. The hematoxylin-stained samples were then treated in Eosin 
Phloxine stain for 30 s and then rinsed 3× for 1 min in 95% ethanol 
and then again in 100% ethanol. The samples were then covered with 
CitriSolv mounting media and coverslipped. Color-image micrographs 
of H&E-stained sections at 10× resolution were taken using a Nikon 
Ti-Eclipse and Nikon DU-S5 color camera. Large format images 
were stitched together automatically using the Nikon Elements ND- 
acquisition feature. The samples were cropped to show the entire 
wound cross section and uninjured wound edges. The samples were 
deidentified and scored by two referees for scoring the level of 
wound resolution. The score criteria defined six stages of wound 
resolution beginning with (i) incomplete wound closure as evidenced 
by clear gaps in the dermal tissue micrograph; (ii) complete wound 
closure with no presence of dermal/epidermal stratification; (iii) 
apparent epidermal/dermal stratification, but not contiguous across 
the wound diameter; (iv) complete wound closure and stratification 
with presence of granulation tissue; (v) complete closure and strati-
fication with apparent keratinization and minimal granulation tissue; 
and (vi) complete wound closure, dermal stratification, keratiniza-
tion, no granulation tissue, deposition of adipose tissue within wound 
perimeter, and presence of underlying connective fascia (S4.4). The 
scores were reported as scatter plots with 95% confidence intervals 
(n = 8 to 10).

For immunohistochemistry of collagen type I, collagen type III, 
and CD31, paraffin-embedded samples were cut at a 5-m thickness 
and mounted on ColorFrost Plus microscope slides. Samples were 
deparaffinized, rehydrated, exposed to 3% hydrogen peroxide to 
eliminate endogenous peroxidase activity, and fixed with 10% 
neutral-buffered formalin to prevent tissue removal from slides. 
Heat-induced epitope retrieval was performed using 10 mM sodium 
citrate at 80°C for 1.5 hours. Samples were then blocked with 
Rodent Block M (Biocare Medical, Pacheco, CA) and incubated 
overnight at 4°C with rabbit primary polyclonal antibodies to detect 
mouse CD31+ endothelial cells (1:100; Abcam, Raleigh, NC), type I 
collagen (1:200; Abcam, Raleigh, NC), and type III collagen (1:150; 
Abcam, Raleigh, NC). After primary antibody incubation, samples 
were exposed to Rabbit on Rodent HRP Polymer (Biocare Medical, 

Pacheco, CA). The bound antibody complex was visualized using 
DAB (Innovex Biosciences, Richmond, CA). Stained sections were 
dehydrated, cleared, coverslipped, and viewed using light microscopy. 
After immunohistochemistry (IHC), micrographs were collected 
using a camera-assisted microscope (Nikon Eclipse microscope, model 
E6000 with an Olympus camera, model DP79). Approximately four 
dermal sections were captured and counted per wound. If sections 
exhibited any processing flaws (not faced, wrinkled, torn, etc.), then 
samples were omitted from further analyses. All images were 
captured at 40× resolution and quantified via ImageJ (National 
Institutes of Health, Bethesda, MD). Density measurements of the 
wound were collected and normalized to the area measured. Dermal 
samples were also subjected to Masson’s trichrome stain and used 
to quantify wound closure. Samples were imaged at 40× resolution 
and quantified via FIJI (National Institutes of Health, Bethesda, MD) 
using the color deconvolution function to measure the red and blue 
channels. All IHC and histology results were expressed as density/mm2.

Statistical analysis
For each protein analyzed via IHC, four sections per wound were 
quantified and averaged. A total of 8 to 10 wounds were examined 
per treatment. A one-way analysis of variance (ANOVA) with 
Dunnett’s post hoc analysis (relative to no-treatment control) was 
used to examine treatment differences. Results were considered 
significant if the overall P value for the F test in ANOVA was 
P ≤ 0.5. Experimental data were presented as the means ± SEM. 
Computations and figures were performed using KaleidaGraph, 
version 4.03 (Synergy Software Inc., Reading, PA).

Figure generation and statistics
All schematic graphics were created by the author using Adobe 
Illustrator and Photoshop except for the microparticle, which was 
commissioned from a professional graphic designer. Figures were 
generated in Adobe Illustrator and graphs were generated in GraphPad 
Prism. Statistics were done in GraphPad Prism with statistical tests, 
replicates, and significance for each comparison as denoted in the 
methods and in each figure.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/27/eaba2422/DC1

View/request a protocol for this paper from Bio-protocol.
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