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Therapeutic Interventions to Reduce Radiation Induced Dermal
Injury in a Murine Model of Tissue Expander Based

Breast Reconstruction
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Background: Radiation therapy (XRT) induced dermal injury disrupts type I
collagen architecture. This impairs cutaneous viscoelasticity, which may contrib-
ute to the high rate of complications in expander-based breast reconstruction with
adjuvant XRT. The objective of this study was to further elucidate the mechanism
of radiation-induced dermal injury and to determine if amifostine (AMF) or de-
feroxamine (DFO) mitigates type I collagen injury in an irradiated murine model
of expander-based breast reconstruction.
Methods: Female Lewis rats (n = 20) were grouped: expander (control),
expander-XRT (XRT), expander-XRT-AMF (AMF), and expander-XRT-DFO
(DFO). Expanders were surgically placed. All XRT groups received 28 Gy of
XRT. The AMF group received AMF 30 minutes before XRT, and the DFO
group used a patch for delivery 5 days post-XRT. After a 20-day recovery period,
skin was harvested. Atomic force microscopy and Raman spectroscopy were per-
formed to evaluate type I collagen sheet organization and tissue compositional
properties, respectively.
Results: Type I collagen fibril disorganization was significantly increased in the
XRT group compared with the control (83.8% vs 22.4%; P = 0.001). Collagen/
matrix ratios were greatly reduced in the XRT group compared with the control
group (0.49 ± 0.09 vs 0.66 ± 0.09; P = 0.017). Prophylactic AMF demonstrated
a marked reduction in type I collagen fibril disorganization on atomic force mi-
croscopy (15.9% vs 83.8%; P = 0.001). In fact, AMF normalized type I collagen
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organization in irradiated tissues to the level of the nonirradiated control
(P = 0.122). Based on Raman spectroscopy, both AMF and DFO demonstrated
significant differential protective effects on expanded-irradiated tissues.
Collagen/matrix ratios were significantly preserved in the AMF group compared
with the XRT group (0.49 ± 0.09 vs 0.69 ± 0.10; P = 0.010). β-Sheet/α-helix ra-
tios were significantly increased in the DFO group compared with the XRT
group (1.76 ± 0.03 vs 1.86 ± 0.06; P = 0.038).
Conclusions:Amifostine resulted in a significant improvement in type I collagen
fibril organization and collagen synthesis, whereas DFO mitigated abnormal
changes in collagen secondary structure in an irradiated murine model of
expander-based breast reconstruction. These therapeutics offer the ability to re-
tain the native microarchitecture of type I collagen after radiation. Amifostine
and DFO may offer clinical utility to reduce radiation induced dermal injury,
potentially decreasing the high complication rate of expander-based breast recon-
struction with adjuvant XRT and improving surgical outcomes.

Key Words: postmastectomy radiation, radiation injury,
irradiated breast reconstruction, breast reconstruction after radiotherapy,
expander-based breast reconstruction, amifostine, deferoxamine, type I collagen,
atomic force microscopy, Raman spectroscopy
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B reast cancer is the most common malignancy among women in the
United States. In recent years, there have been expansions in the in-

dications for adjuvant radiation therapy (XRT).1–3 Although radiother-
apy is a vital component of breast cancer treatment, shown to reduce
disease recurrence and increase survivorship, it poses significant
challenges to breast reconstruction.4,5 Implant-based reconstruction
is especially difficult to achieve for this subset of patients, because this
approach is plagued by wound breakdown and implant exposure aswell
as the inability to attain appropriate volume because of fibrosis and con-
tracture of the dermis in the setting of postmastectomy radiation therapy
(PMRT).4,5 In fact, radiation was found to be one of the greatest risk
factors for major complications in implant-based reconstruction.3 As
such, recent studies have advocated for the use of autologous recon-
struction as the most conservative approach after PMRT1,2,5; however,
not all patients are candidates or desire autologous reconstruction. De-
spite the high complication rate, however, expander- and implant-based
reconstruction still continue to be used in the setting of PMRT. Therefore,
reducing complications in expander- and implant-based breast recon-
struction after PMRT is of great clinical interest.

Despite technologic advancements, radiotherapy induces collat-
eral damage to the surrounding skin, soft tissue, and vasculature. This
often manifests as chronic dermatitis and hyperpigmentation but more
significantly can result in reduced skin vascularity, impaired wound
healing, and fibrosis, which significantly impacts the outcomes of
implant-based breast reconstruction after PMRT .6,7 At the cellular level,
radiation causes direct DNA damage and the generation of free radicals,
which induces oxidative stress and ultimately incites changes within the
microarchitecture of the skin.8 Radiation-induced dermal damage can
disrupt normal homeostasis of fibrillar type I collagen, the major
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structural protein in the skin, which is critical for maintaining skin ar-
chitecture and providing the substrate for adequate wound healing.8

When collagen organization and synthesis are undermined, the visco-
elastic properties of the skin are compromised, which poses obstacles
to tissue expansion.9,10 As such, XRT-induced dermal damage can ulti-
mately limit patient candidacy for implant- and expander-based breast
reconstruction, as significant skin fibrosis restricts the extent of achiev-
able expansion.11 Preserving dermal integrity and type I collagen or-
ganization represents a potential method to facilitate improved breast
reconstructive outcomes after radiotherapy, especially in expander- and
implant-based approaches.

Currently, there are no therapeutics available to reduce collateral
damage of skin and soft tissue after XRT in breast cancer patients.
Given the increasing indications for adjuvant radiotherapy in breast can-
cer treatment, methods to minimize collateral tissue damages due to
XRTwould offer tremendous clinical utility. Amifostine (AMF) is one
of only a few Food and Drug Administration–approved radioprotective
agents, shown to mitigate radiation induced complications in patients
receiving radiotherapy for head and neck cancer treatment. Previous
investigations in our laboratory have identified AMFas a potential ther-
apeutic solution to radiation injury in breast cancer patients, because it
demonstrated significant remediation of radiation-induced cutaneous
and vascular injury in a murine model of expander-based breast recon-
struction.12,13 Deferoxamine (DFO) is a Food and Drug Administration–
approved iron chelator used to treat iron overload for patients with he-
mochromatosis. Previous work in our laboratory has demonstrated that
DFO mitigates radiation-induced injury to bone, as well as to the skin
and soft tissues.8,14 In fact, one recent study in our laboratory investi-
gated the use of topical DFO in an irradiated, expander-based breast re-
construction model, in which DFO treatment demonstrated significant
remediation of cutaneous ulceration and dermal type I collagen fibril
disarray. Therefore, the current study served to further investigate the
mechanism of radiation-induced dermal injury and to determine if AMF
and/or DFO assuages type I collagen injury at the level of the collagen
fibril and collagen sheet. To study this, we used AMF as a prophylactic
radioprotective therapeutic and DFO as a post-XRT in a murine model
of irradiated expander-based breast reconstruction. Our specific met-
rics of interest were atomic force microscopy (AFM) to evaluate surface
properties of type I collagen and Raman spectroscopy to evaluate the
chemical composition of the tissue.
MATERIALS AND METHODS

Study Design
All animal studies were approved by the University of Michigan's

Institutional Animal Care and Use Committee before implementation.
All animal experimentation was performed according to the guidelines
published in the Guide for the Care and Use of Laboratory Animals,
Eighth Edition. Adult female Sprague-Dawley rats (n = 20) weighing
approximately 350 g were obtained and acclimated for 7 days. Animals
were then randomly assigned to experimental groups: (1) expander
placement (control); (2) expander placement–XRT (XRT); (3) expander-
XRT-AMF (AMF); and (4) expander-XRT-DFO (DFO) (Fig. 1).
FIGURE 1. Summary of experimental groups.
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Surgical Procedure
Our surgical procedure has been previously described and pub-

lished.12,13 In summary, a 3-cm longitudinal incision was made 1 cm
to the right of dorsal midline. A submusculocutaneous pocket wasmade
using blunt dissection to achieve an appropriate size to accommodate
the tissue expander. A sterile, silicon-based, smooth-textured mini-
expander (Allergan, Inc, Santa Barbara, CA) measuring 3 cm in diameter
was placed in the tissue pocket. The tissue expander port (2 cm distal; di-
ameter, 1.5 cm; height, 0.6 cm) was positioned caudally and secured with
a single 4-0 monocryl suture. The muscle and skin were reapproximated
over the expander using interrupted 4-0 Vicryl sutures. Postoperative
recovery was ensured by monitoring the animals during their recovery
from anesthesia and using warming and oxygen as needed.

Expansion and Recovery
Animals received daily operative site monitoring for 14 days

postoperatively. Analgesia with buprenorphine was continued every
12 hours through postoperative day (POD) 4, and daily weights were
obtained to monitor nutritional status until POD 10. Tissue expansion
took place under isoflurane drop anesthesia on PODs 15, 18, and 21
(Fig. 2). During expansion, 5 mL of 0.9% normal saline was injected
during each session to achieve a total fill volume of 15 mL. This total
fill volume was determined based on the tension and compliance of
the expanded tissue overlying the implant as previously described.12,13

Radiation Procedure
All radiation procedures were conducted in the Irradiation Core

at the University ofMichigan. After consultation with Radiation Oncol-
ogy at the University of Michigan, a total radiotherapy dose of 28 Gy
was delivered as 5.6 Gy per day over 5 days beginning on POD 22.
Clinically, adjuvant XRT is administered after tissue expansion. There-
fore, we chose to this time point to parallel this process. After transient
induction of anesthesia with an oxygen/isoflurane mixture, select rats
were radiated using a Philips RT250 orthovoltage unit (250 kV,
15 mA) (Kimtron, Inc, Oxford, CT). A lead shield with a 3.5-cm diam-
eter circular aperture was used to ensure localized delivery of radiation
to our selected region of interest corresponding with the area of
expanded tissue.

AMF Treatment
Animals in the AMF group received a radioprotective dose of

100 mg/kg of AMF 20 minutes before radiotherapy. This dosing is con-
sistent with previous work in our laboratory, demonstrating this to be an
effective radioprotective dose of AMF.

DFO Treatment
In collaboration with the Bioengineering and Materials Science

Laboratory at Stanford University, we developed a topical formulation
of DFO to allow for transcutaneous delivery. These DFO patches were
formulated as previously described.8 Deferoxamine patches were dosed
at 2 mg (1 mg/cm3) to deliver effective radiation remediating doses, as
demonstrated in our previous studies. To enable transcutaneous drug
delivery, hair overlying the tissue expander was removed. Deferoxamine
www.annalsplasticsurgery.com 547
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FIGURE 2. Summary of experimental timeline.
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patches were secured to the expanded tissues using Transpore tape.
Deferoxamine treatment was started on the day after the final day of
XRTand continued for 10 days. Elizabethan collars were used to reduce
grooming of the expander and retain the DFO patch treatment on the
area of the expanded tissue. Notably, all animals in this study received
Elizabethan collars to reduce potential confounding between groups.

AFM Analysis of Collagen Organization
Atomic force microscopy was only performed for control, XRT,

and AMF groups (n = 5 per group), because DFO was investigated in a
previous study.8 Twenty days after radiation, animals underwent eu-
thanasia via systemic paraformaldehyde perfusion.12,13 Skin tissue sec-
tions of 25-μm thickness were prepared parallel to the dermal horizontal
plane. Atomic force microscopy was used to determine the micrometer-
scale architecture,15 analyzing organization of the collagen fibril sheet,
as previously described.8 To briefly summarize, AFM imaging was
ascertained in contact mode using Anasys Instruments contact mode
nanoIR2 probes (silicon cantilever with gold coating; nominal radius,
25 nm; resonance frequency, 13 ± 4 kHz; spring constant, 0.07–0.4 N/m;
length, 225 nm). Images measuring 10 μm � 10 μm with a line scan
rate of 1.0 Hz and 512 pixels per line (~19.5 nm/pixel) were obtained
and used for evaluation of type I collagen fibril sheet organization. Col-
lagen sheets with 2 or more collagen fibrils organized in parallel were
defined a region of type I collagen organization. Microarchitecture
analysis was performed by 2 independent, blinded reviewers using
ImageJ analysis to quantify the percentage of dermal collagen fibril or-
ganization per unit area within the AFM images. The average value of
the 2 reviewers was used for statistical analysis.

Raman Spectroscopy
Raman spectroscopy was performed for all 4 rodent groups in

this study: control, XRT, AMF, and DFO. Skin tissue sections embedded
in O.C.T. compound (Tissue-Tek; Sakura Finetek USA, Inc, Torrance, CA)
were thawed and imaged using an SMZ800 stereomicroscope (Nikon
Instruments, Inc). The images were used to identify expanded tissue re-
gions for compositional and structural analysis by Raman spectroscopy.
The O.C.T. compound surrounding the tissue sections was removed by
dissolution in phosphate-buffered saline (PBS) solution before analysis.
Briefly, the tissue section was transferred into a wide Petri dish contain-
ing PBS solution and agitated on a Titer plate shaker (Lab-line Instru-
ments, Melrose Park, IL). The agitated solution was periodically
replaced with fresh PBS solution over a 20-minute period. The cleaned
tissue section was then analyzed by Raman spectroscopy under hy-
drated conditions.

Tissue compositional analysis was carried out using the Raman-
Rxn1 spectrometer (Kaiser Optical Systems, Inc, Ann Arbor, MI) as de-
scribed in detail elsewhere.15 The spectrometer was equipped with a
near-infrared laser (Invictus 785-nm laser) and a stainless-steel fiberoptic
probe (0.27 numerical objective, laser spot size of ~100 μm, and power
output of ~87 mW). Tissue spectra were acquired from the following 4
rodent groups (n = 7 per group): control, XRT, AMF, and DFO. For each
tissue section, 8 to 12 spectra were acquired using 6 � 10 second
548 www.annalsplasticsurgery.com
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acquisitions (Andor Solis Software; Andor Technologies, Belfast, North-
ern Ireland, United Kingdom).

Spectroscopic Analysis of Tissue Composition
Spectra were processed and calibrated in MATLAB Software

(The MathWorks Inc, Natick, MA) and then imported into GRAMS/
AI Software (Thermo Fisher Scientific, Inc, Waltham,MA) for baseline
correction and normalization.16 For curve-fitting analyses, second de-
rivative and constrained Gaussian deconvolution functions were applied
to the following spectral regions: 800 to 1020 cm−1 (806, 814, 820, 839,
854, 864, 876, 884, 890, 896, 902, 914, 921, 938, 950, 959, 968, 978,
1003, and 1014 cm−1) and 1536 to 1721 cm−1 (amide I region, 1541,
1548, 1555, 1564, 1574, 1585, 1594, 1603, 1616, 1632, 1644, 1656,
1671, 1687, 1700, and 1711 cm−1). Tentative band assignments were
made for the following select tissue components: tyrosine (Tyr) δ(C-
CH) aliphatic band at approximately 832 cm−1 (buried Tyr conforma-
tion), Tyr δ(C-CH) aromatic band at approximately 850 cm−1 (exposed
Tyr conformation, with ring proline collagen ν(C-C) contribution), ring
hydroxyproline collagen ν(C-C) band at approximately 876 cm−1, and
amide I ν(C=O) matrix protein bands at approximately 1656 cm−1

(α-helix conformation) and approximately 1671 cm−1 (β-sheet
conformation).17,18 These bands were then used in subsequent Raman
ratiometric analyses because of their limited spectral interference from
tissue lipid components and the sapphire window of the fiberoptic probe.
Select height ratios were then used to calculate the following 3 tissue
compositional or structural properties: collagen/matrix (854 + 876)/
1656 cm−1), Tyr buried/exposed (832/854 cm−1), and collagen β-sheet/
α-helix (1671/1656 cm−1) ratios. A low Tyr buried/exposed ratio indi-
cates more exposed protein Tyr side chains with a higher ability to bind
to water molecules, whereas a larger ratio indicates more buried protein
Tyr side chains with a limited ability to bind to water molecules18 and
high collagen/matrix ratios indicate increased collagen content or turn-
over.16,19,20 Collagen β-sheet/α-helix ratio provides information on
collagen secondary structure, with high ratio values reflecting a higher
relative proportion of β-sheet conformation toα-helical conformation.18,21

Statistical Analysis
All between-group skin ulceration, collagen disorganization, or

tissue composition statistical analyses were performed in SPSS Soft-
ware for Windows (IBM SPSS Statistics 26, IBM Corp, NY). Post
hoc Tukey (paramagnetic) or Games-Howell (nonparamagnetic) signif-
icance difference tests (P < 0.05) were run depending on the homogene-
ity of variances as per the Levene test (P < 0.05).7 Power analyses were
also performed in nQuery Advisor Software (Statistical Solutions, Sau-
gus, MA) with assistance from the University of Michigan Center for
Statistical Consultation and Research.8,22 Only between-group compar-
isons that were sufficiently powered to claim statistical significance at
80% power (2-sided, α = 0.05) were accepted in this study. Spearman's
correlation coefficient (ρ, “rho”) and Kendall's correlation coefficient
(τ, “tau”) between pooled covariate collagen disorganization and tissue
compositional variables were calculated in SPSS Software. Statistical
significance was accepted at the P < 0.05 level.
© 2020 Wolters Kluwer Health, Inc. All rights reserved.
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RESULTS

AFM Analysis of Type I Collagen Organization
Atomic force microscopy images of dermal type I collagen are

summarized in Figure 3. On ImageJ analysis of the AFM imaging,
the XRT group exhibited approximately 4 times the degree of type I
collagen disorganization compared with the control (83.8% vs 22.4%;
P = 0.001) (Fig. 4). Treatment with AMF before radiotherapy resulted
in greater than a 4-fold reduction in collagen disorganization. The AMF
group exhibited preserved collagen sheet organization with only 15.9%
disorganization compared with the XRT group (P = 0.001). In fact,
AMF preserved dermal collagen organization to the level of the nonir-
radiated controls receiving tissue expansion alone, indicating that AMF
mitigates radiation-induced fibril disarray. As such, no statistical differ-
ences were identified between control and AMF groups (22.4% vs
15.9%; P = 0.122) because both demonstrated similar parallel, orga-
nized collagen sheets.
FIGURE 4. Type I collagen fibril disorganization. Fibril
disorganization increased significantly in XRT group compared
with control. Radiation therapy–induced collagen
disorganization was mitigated by AMF. *P < 0.05.
Raman Spectroscopy
Tissue composition and structure between control, XRT, AMF,

and DFO groups were examined by Raman spectroscopy using the
Games-Howell statistical significance test (P < 0.05). Collagen/matrix
ratios were significantly reduced in the XRT group compared with the
control group (0.49 ± 0.09 vs 0.66 ± 0.09; P = 0.017) but was signifi-
cantly preserved in the AMF group (0.49 ± 0.09 vs 0.69 ± 0.10;
P = 0.010) (Fig. 5). In contrast, no significant differences in collagen/
matrix ratios were found between the XRT and DFO groups
(0.49 ± 0.09 vs 0.63 ± 0.18; P = 0.347) or the control and AMF or
DFO groups (P = 0.995 and P = 0.976, respectively). To evaluate the
impact of radiotherapy on skin barrier function, tyrosine buried/exposed
ratios were calculated. Tyrosine (Tyr) buried/exposed ratios were non-
significantly increased in the XRT group compared with the control
group (0.38 ± 0.16 vs 0.20 ± 0.05; P = 0.082) but marginally reduced
compared with the AMF (0.38 ± 0.16 vs 0.17 ± 0.10; P = 0.059) and
DFO (0.38 ± 0.16 vs 0.23 ± 0.13; P = 0.057) groups (Fig. 6). No signif-
icant differences in Tyr buried/exposed ratios were found between the
control and AMF or DFO groups (P = 0.935 and P = 0.938, respec-
tively). When secondary structure was examined (Fig. 7), collagen
β-sheet/α-helix ratios were nonsignificantly reduced in the XRT group
compared with the control (1.76 ± 0.03 vs 1.80 ± 0.04; P = 0.365) and
AMF (1.76 ± 0.03 vs 1.81 ± 0.05; P = 0.285) groups but was signifi-
cantly increased in the DFO group (1.76 ± 0.03 vs 1.86 ± 0.06;
P = 0.038). No significant differences in collagen β-sheet/α-helix
ratios were identified between the control and AMF or DFO groups
(P = 0.972 and P = 0.242, respectively).
FIGURE 3. Atomic force microscopy images. The XRT group demons
Amifostine preserved collagen organization to control levels.

© 2020 Wolters Kluwer Health, Inc. All rights reserved.
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Linear relationships between AFM-derived percent collagen
type I disorganization and Raman spectroscopic measures of tissue
composition and structure were examined after pooling the data from
all 4 rodent groups (Supplementary Fig. 1, http://links.lww.com/sap/
A459). As shown by the Spearman ρ and Kendall τ values in Table 1,
significant positive linear correlations were found between percent colla-
gen disorganization and collagen β-sheet/α-helix ratios (ρ = 0.545 and
τ = 0.422; P = 0.003 and P = 0.002, respectively) and Tyr buried/
exposed ratios (ρ = 0.409 and τ = 0.308; P = 0.034 and P = 0.024, re-
spectively). In contrast, a negative nonsignificant correlation was found
between collagen disorganization and collagen/matrix ratios (ρ = −0.205
and τ = −0.145; P = 0.305 and P = 0.288, respectively).

DISCUSSION
This study further elucidates the mechanism of radiation-

induced dermal type I collagen injury. Radiotherapy significantly in-
creased type I collagen fibril disorganization on AFM. Differences in
tissue composition and collagen secondary structure between the irradi-
ated and nonirradiated control groups were also identified using Raman
spectroscopy. More specifically, collagen/matrix ratios, a surrogate
measure of tissue collagen content, were significantly decreased in the
irradiated group compared with the nonirradiated control. In addition,
trated significantly greater fibril disorganization than the control.
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FIGURE 5. Collagen/matrix ratio. The XRT group exhibits a
significantly lower collagen/matrix ratio compared with the
control group. This ratio is restored in the AMF group but only
partially in the DFO group. *P < 0.05.

FIGURE 7. Collagen β-sheet/α-helix ratio. The DFO group
exhibits a significantly lower β-sheet conformation compared
with the XRT group. *P < 0.05.
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collagen β-sheet/α-helix ratios, a representative measure of collagen
secondary structure, were reduced in the irradiated group compared with
the control. Moreover, linear regression analyses revealed significant
positive correlations between tissue-level collagen secondary structure by
Raman spectroscopy and collagen ultrastructural fibril organization
by AFM. To our knowledge, this is the first study in a breast reconstruc-
tion model where AFM and Raman spectroscopic measurements were
regressed against each other. This positive correlation suggests that der-
mal collagen fibril organization is related to the maintenance of tissue
collagen secondary structure.

In addition, when intensity ratios between Tyr-specific Raman
bands were examined, irradiated tissues exhibited a trend of increased
Tyr buried/exposed ratios compared with nonirradiated tissues. We hy-
pothesize that the increased buried Tyr conformations in irradiated tis-
sues resulted from the limited ability of its hydroxyl side groups to
bind to local water molecules.17,22 The latter finding may be related
to the well-known phenomena of transepidermal water loss after
radiotherapy23–26 and suggests that Tyr buried/exposed ratios could
be used as a surrogate marker for evaluating changes in skin barrier
function. Furthermore, given that collagen secondary structure is sensitive
FIGURE 6. Tyrosine buried/exposed ratio. The AMF and DFO
groups exhibit a nonsignificant normalization of the Tyr
buried/exposed ratio compared with the XRT group.

550 www.annalsplasticsurgery.com
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to changes in water content,27 we speculate that the increased type I col-
lagen fibril disorganization and reduced collagen β-sheet content de-
tected after radiation in this study may be indirectly related to changes in
tissue hydration.

In addition to further illuminate the mechanism of radiation-
induced collagen injury, this study investigated the potential utility of
2 therapeutics, DFO and AMF, to reduce dermal type I collagen injury
in irradiated, expanded tissues. In this study, DFOwas administered as a
postradiation topical patch, whereas AMFwas administered subcutane-
ously as a prophylactic treatment. In a previous study in our laboratory,
the topical DFO patch was shown to mitigate type I collagen fibril dis-
organization,8 which supports our hypothesis that skin barrier function
is linked to fibril organization. In the current study, DFO remediated
radiation-induced losses in α-helical collagen content, as resulting col-
lagen β-sheet/α-helix ratios were significantly reduced compared with
the irradiated control. These findings suggest that perhaps the key to
mitigating alterations in type I collagen secondary structure and fibril
organization is to prevent fluctuations in tissue hydration by reducing
transepidermal water losses after radiotherapy. Furthermore, prophylac-
tic radioprotection with AMF resulted in a significant preservation in
collagen organization in irradiated tissues on AFM. In fact, AMF nor-
malized collagen organization to the level of the nonirradiated controls
by inhibiting derangements in collagen organization caused by radio-
therapy. Amifostine pretreatment also prevented the abnormal decline
in collagen/matrix ratio that is characteristic of irradiated tissues. In
fact, this surrogate for collagen content was normalized in AMF tissues
and preserved to the level of the nonirradiated control. Taken together,
our findings demonstrate the proficiency of both DFO andAMF tomit-
igate distinct aspects of radiation-induced dermal type I collagen injury.
These findings are meaningful, because developing methods to pre-
serve type I collagen may allow for improved viscoelastic properties
of the skin after radiotherapy, which has to potential to increase patient
TABLE 1. Correlations Between AFM and Raman Spectroscopic
Findings

Raman Parameter Spearman's ρ P (ρ) Kendall's τ P (τ)

Collagen β-sheet/α-helix ratio 0.545 0.003 0.422 0.002
Tyr buried/exposed ratio 0.409 0.034 0.308 0.024
Collagen/matrix ratio −0.205 0.305 −0.145 0.288

© 2020 Wolters Kluwer Health, Inc. All rights reserved.
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candidacy for expander- and implant-based breast reconstruction and
improve outcomes after PMRT.

Whereas these results propose that AMF and DFO therapy can
significantly reduce the pathologic effects of radiotherapy on dermal
type I collagen as singular therapies, the findings of this study also sug-
gest that AMF and DFO may be increasingly efficacious in combina-
tion. Whereas AMF reduces radiation injury to healthy tissue at the
time of radiotherapy, DFO works to salvage the effects of radiation in
the days after radiotherapy. Both DFO and AMF were shown to signif-
icantly reduce type I collagen disorganization after XRT.8 Deferox-
amine, however, reduced alterations in collagen secondary structure,
whereas AMFmitigated abnormal changes in collagen content and syn-
thesis in irradiated tissues. Because DFO and AMF seem to produce
differential effects on irradiated, expanded tissues, there could great util-
ity in applying these therapeutics in combination. Administering AMF
before radiotherapy and DFO afterwards may produce a summative or
synergistic effect to improve skin and soft tissue quality after radiother-
apy. Although further investigation is required to validate this hypothe-
sis, the results in this study are promising and build upon our previous
findings in this irradiated model of breast reconstruction.

Currently, there are no therapeutics to prevent collateral damage
to the surrounding skin, soft tissue, and vasculature in breast cancer
patients receiving adjuvant XRT. Therefore, high complication rates
associated with breast reconstruction after radiotherapy remain a major
challenge. Radiation induces significant short- and long-term deleteri-
ous effects on the skin, soft tissue, and surrounding vasculature. Com-
plex cellular alterations and inflammatory cascades ensue in the
aftermath of radiotherapy, contributing to the pathogenesis of poor
wound healing, fibrosis, and reduced tissue perfusion after radiother-
apy. Fibrosis, in particular, results from collagen resorption, aberrant
deposition, and disorganization after radiation,28 which significantly
impairs the viscoelastic properties of skin required for successful tissue
expansion. Therefore, radiation-induced skin fibrosis poses significant
challenges to implant- and expander-based breast reconstruction and, in
severe cases, may be necessarily eschewed entirely in irradiated pa-
tients. Patients undergoing postradiotherapy breast reconstruction have
higher complication rates overall and often experience delayed or less
satisfactory aesthetic results because of wound breakdown and implant
exposure as well as the inability to attain appropriate volume because of
fibrosis and contracture of the dermis in the setting of PMRT. In this
study, we have identified 2 therapeutics, DFO and AMF, which signif-
icantly reduce the pathologic effects of radiotherapy on dermal type I
collagen. This is a propitious finding that could significantly improve
the current standard of care for implant based breast reconstruction
requiring radiotherapy.

Although the results of this study are promising, there are a
few limitations we must address. Raman spectroscopic measures of
collagen/matrix ratios were not calibrated to provide absolute measures
of collagen content for a given quantity of skin tissue; however, the
measurement was based on similar spectroscopic ratios that had been
used to assess relative changes in soft and hard tissue specimens.16,19,20,29

Given the importance of tissue hydration to skin barrier function, fur-
ther studies evaluating additional noninvasive techniques to quantify
tissue water content would be beneficial to determine how the results
compare with corresponding Raman spectroscopic techniques.23,25 In
addition, one limitation of this study is the exclusion of a sham patch
control group. This additional control would provide insight whether
the patch alone may be contributing to the hydration barrier effect dem-
onstrated by the DFO patch. The sham patch control will be assessed in
future investigations. In this study, AMFand DFOwere highly effective
at mitigating radiation-induced dermal type I collagen injury. One im-
portant future study, however, is investigating the oncologic safety of
using AMF and DFO in breast cancer patients, who could have poten-
tial disease recurrence. Although reducing the burden of the deleterious
effects of radiation has the potential to significantly improve quality of
© 2020 Wolters Kluwer Health, Inc. All rights reserved.
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life for breast cancer survivors, we need to determine if these therapies
are oncologically safe for use in these patients. These studies are cur-
rently underway in our laboratory. In addition, although the results of
this study are promising, further investigation is warranted to determine
if there is a potential synergistic effect of using AMF and DFO in com-
bination. We posit that AMF and DFO may be highly efficacious in
combination, because they seem to reduce radiation injury through dif-
ferent mechanisms and at different intervention time points based on
the results of this study.

CONCLUSIONS
In this study, we have identified DFO and AMFas potential ther-

apeutics to reduce radiation injury in breast cancer patients undergoing
expander-based breast reconstruction. Our findings suggest that AMF
and DFO both significantly reduce dermal type I collagen disorganiza-
tion associated with radiotherapy; however, each therapy seems to act
through different mechanisms. Topical DFO reduced abnormal alter-
ations in collagen secondary structure. Prophylactic AMF preserved
collagen content and synthesis in irradiated tissues, preventing aberrant
changes in collagen turnover associated with radiotherapy. The results
of this study identify DFO and AMF as potential therapeutics to miti-
gate radiation-induced dermal type I collagen injury in irradiated breast
reconstruction. Given that DFO and AMF work through different
mechanisms to produce distinct radioprotective and radiation salvage
effects, we predict that AMF and DFO may be increasingly efficacious
in combination, which will be the focus of some of our futurework. The
utilization of AMF and DFO as novel therapeutics to reduce radiation
induced dermal injury may have great clinical utility in improving sur-
gical outcomes and increasing patient candidacy for the operation by
potentially decreasing the high complication rate of expander-based
breast reconstruction associated with adjuvant XRT.
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