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Abstract—Injuries to the anterior cruciate ligament (ACL) are
currently treated with replacement of the torn ligament with a
graft of tendon harvested from elsewhere in the knee. This
procedure, called ‘‘ACL reconstruction,’’ is excellent for restor-
ing gross stability to the knee; however, there are relatively high
graft failure rates in adolescent patients (Barber et al. in
Arthroscopy30(4):483–491, 2014;Engelman et al. inAmJSports
Med, 2014; Webster et al. in Am J Sports Med 42(3):641–647,
2014), and the ACL reconstruction procedure does not prevent
thepremature osteoarthritis seen inpatients after anACL injury
(Ajuied et al. in Am J Sports Med, 2013; Song et al. in J Sports
Med 41(10):2340–2346, 2013; Tourville et al. Am J Sports Med
41(4):769–778, 2013) .Thus, new solutions are needed for ACL
injuries. Researchers have been investigating the use of scaf-
folds, growth factors and cells to supplement a suture repair of
the ACL (bridge-enhanced repair; also called bio-enhanced
repair in prior publications). In this paper, we will review the
varied approaches which have been investigated for stimulating
ACL healing and repair in preclinical models and how one of
these technologies was able to move from promising preclinical
results to FDA acceptance of an investigational device exemp-
tion application for a first-in-human study.

Keywords—Bench-to-bedside, FDA, IDE, Anterior cruciate

ligament, Bridge-enhanced ACL repair.

A REVIEW OF THE SCIENCE BEHIND

BRIDGE-ENHANCED ACL REPAIR

In Vitro and In Vivo Studies of Bridge-enhanced ACL
Repair

Augmentation of soft tissue repair can be
approached in several different ways. Cells, growth
factors and scaffolds can be used individually or in
combination to provide a protected space for ACL
healing. In this section, we will review the efforts to
enhance ACL repair in each of these areas.

Cell Seeding

The reasons behind the failure of the anterior cru-
ciate ligament to heal are not completely known. One
hypothesis is that there is a dearth of viable cells in the
ACL that are able to participate in the wound repair
process. To overcome that potential problem,
researchers have worked to add exogenous cells to a
scaffold in the ACL wound site in an effort to stimulate
ACL healing. By delivering cells that can participate in
ligament healing, such as fibroblasts, the ACL may
heal better and faster. In vitro studies have provided
evidence that such an approach might be useful, par-
ticularly when the cells are placed on a collagen scaf-
fold. Huang et al. showed that fibroblasts strengthen
collagen scaffolds in vitro.24 Dunn et al. found that
fibroblasts synthesized tenfold more collagen when
cultured on collagen scaffolds instead of culture
plates.11 In vitro studies have also shown promise.
Bellincampi et al. implanted fibroblast-seeded collagen
scaffolds in rabbit knees. The seeded fibroblasts
remained attached to the scaffold and were viable
6 weeks after the implantation.5

Address correspondence to Gabriel S. Perrone, Sports Medicine

Research Laboratory, Department of Orthopaedic Surgery, Boston

Children’s Hospital/Harvard Medical School, Enders Building,

Room 270, 300 Longwood Avenue, Boston, MA 02115, USA.

Electronic mail: gabriel.perrone@childrens.harvard.edu

Annals of Biomedical Engineering, Vol. 43, No. 3, March 2015 (� 2015) pp. 805–818

DOI: 10.1007/s10439-015-1257-z

0090-6964/15/0300-0805/0 � 2015 Biomedical Engineering Society

805



Bone marrow stromal cells (BMSCs) have also been
studied in trials. Van Eijk et al. compared BMSCs and
fibroblasts cultured on resorbable suture material.
After 12 days, BMSCs had expanded to a greater ex-
tent than the fibroblasts and had a higher degree of
collagen gene expression.56 Applying mechanical for-
ces has also been found to induce the production of
collagen and ECM proteins by the BMSCs, as well as
realign the collagen fibers.2 Fan et al. used silk scaf-
folds seeded with BMSCs as a graft to replace the torn
ACL in a rabbit model. Compared to the controls with
no BMSCs, the ACLs with BMSCs healed better as
measured by biomechanical studies and histology.15

When they used this same technique in the porcine
model, abundant cells and ECM were seen at 24 weeks
post-operatively.14 Soon et al. reconstructed rabbit
ACLs using Achilles tendon allografts with and with-
out BMSCs. Grafts with BMSCs had significantly
higher load-to-failure rates and better healing seen on
histology.47

While cell seeding of scaffolds prior to implantation
seems a logical way to get cells into the volume of
tissue trying to be engineered, this technique does have
several downsides. The first downside is the fact that
most cell-seeding techniques are designed to occur in
stages—first, a procedure to harvest the desired cells,
then a period of time where the cells are expanded in
culture to get greater numbers of cells and then a
second procedure to implant the cell seeded scaffolds.
While two procedures might be tolerated by the pa-
tient, this staged technique also confers additional
regulatory hurdles—the company growing the cells
outside the body needs to prove it can do so safely and
effectively, and that the cells will not become contam-
inated with bacteria, virus or harmful chemicals during
the in vitro expansion. The company also has to prove
it has systems in place to make sure one patient’s cells
are never contaminated by another patient’s cells and
that the correct cells are delivered to the correct pa-
tient for the second procedure. In addition to the
extra regulatory and patient burden, once the cells are
implanted, they die at an accelerated rate, typically
with only a few percentage of the implanted cells
found to survive more than a few weeks in the
body.41,44,55 This may be due to a relatively rapid
change in environment for these cells, from the care-
fully monitored and controlled in vitro environment to
an in vivo environment which may have significantly
less nutrition or oxygen.

Growth Factors

In vitro studies with ligament fibroblasts have shown
that epidermal growth factor (EGF),9,10,43 fibroblast
growth factor (FGF),28,29 insulin-like growth factor,43

platelet-derived growth factor (PDGF),10,32,43 and
transforming growth factor (TGF) 9,32 improve colla-
gen synthesis and/or cell proliferation. In vivo,
Kobayashi et al. reported that FGF improves healing
and neovascularization of partially lacerated ACL in
canines.26 Spindler et al. found increased collagen
expression and maximum load when recombinant
human TGF was added, but they used MCL in rabbits,
not an ACL model.48 Letson et al. showed that rat
ligaments increased their stiffness when PDGF was
added, but this study was also done using an MCL
model.28 Several authors have found that combina-
tions of growth factors have synergistic effects on cel-
lular proliferation and matrix production
in vitro.10,23,28,31 This would make it seem logical that
adding these types of factors to a scaffold would have
the same effect in vivo. However, often when growth
factors which have been found to have a significant
effect in vitro are tested in vivo, functional benefit is not
noted.48,49 This may be due to problems with delivery
or with the interaction of the implanted growth factors
with the complex in vivo environment. In vivo, endog-
enous growth factors are typically secreted over time
by host cells in response to various cues 17,38and in
association with a host of other factors.18,61 In tissue
engineering, growth factors are often administered as a
one-time dose,25,30 sometimes in a carrier 22 or trans-
duced cell 53 to result in longer secretion of the growth
factor. However, even with these modifications, many
exogenous growth factors are cleared relatively rap-
idly, within hours, from the joint or tissue in vivo.8,13.

Platelet-rich plasma (PRP) has also been investi-
gated as a source of growth factors to stimulate healing
of the ACL and ACL grafts. The results of clinical
trials using PRP are quite variable. Nin et al. con-
ducted a randomized control trial comparing the out-
comes of patients undergoing an ACL reconstruction
with an allograft supplemented with PRP and those
undergoing allograft reconstruction alone. No differ-
ence was seen in inflammatory parameters, appearance
on MRI, or clinical outcomes between groups with and
without PRP.37 Vogrin et al. found no difference on
MRI for vascularization of the intra-articular part of
the graft when PRP was added to a hamstring auto-
graft. However, they did see an increase in early vas-
cularization of graft at the interface of the graft and
bone.59 In contrast, Orrego et al. reported that patients
who had received PRP supplementation of their graft
were significantly more likely to have low-intensity
signal on MRI, which is a sign of graft maturation.39

Silva et al. found that PRP did not affect healing at the
bone-graft interface.45 In that prospective study, 40
patients had their ACL reconstructed with hamstring
tendon autograft with or without injection of PRP in
the graft tunnel or in the joint. No difference in MRI
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signal intensity was found 3 months after surgery.45 A
recent systematic review of PRP use for ACL surgery
suggested there may be some benefit on graft matura-
tion but limited effect on graft-bone interface heal-
ing.58 However, the major conclusion of that review
was that additional studies are needed to determine the
true effect of PRP on ACL healing.

One of the reasons for the mixed results of PRP may
be premature dissolution of PRP and fibrin based
products in the synovial joint. Harrold et al. have
demonstrated that fibrinolysis is relatively robust in the
intra-articular environment, preventing blood clotting
within the joint.19 This active fibrinolysis system may
also affect the stability of PRP, which, like blood, has
its protein base as fibrin. Thus, the use of PRP in the
joint may be somewhat limited by its relatively fast
breakdown in the intra-articular environment, partic-
ularly by intra-articular plasmin. However, Kroon
et al. noted that when fibrin is combined with collagen,
a copolymer forms which is resistant to degradation by
plasmin.27 Thus, one could consider combining fibrin-
based PRP with a collagen scaffold—combining the
desirable biologic properties of PRP with the stability
of the collagen and fibrin-collagen copolymer.

Recent reports of this combination of collagen
scaffolds and platelets, called ‘‘bridge-enhanced ACL
repair’’ have detailed beneficial effects on ACL healing
in large animal models of ACL grafts and healing
ACLs. Fleming et al. showed that supplementation of
an ACL graft with a collagen-platelet composite im-
proves the biomechanical properties of ACL allografts
in pigs.16 Murray et al. showed that supplementation
of a primary repair of ACL in pigs with collagen-PRP
hydrogel improves the biomechanical properties of the
healing ACL after 4 weeks in vivo.35 The PRP-collagen
hydrogel also increased healing of a central wound
defect in ACL of canines.36 Finally, while ACL is
known not to heal after primary repair with suture,
primary repair with collagen-platelet composite bridge
healed just as well as ACL reconstruction, the current
standard of treatment, when measured by the results of
biochemical testing in a large animal model at 3, 6, and
12 months after surgery.34,57 In addition, the use of a
bridge-enhanced repair using a collagen-platelet com-
posite resulted in significantly less osteoarthritis of the
knee at 1 year after surgery in the porcine model
(Fig. 1).34

The chondroprotective function of the bridge-en-
hanced ACL repair in the pig model is not yet
understood. One potential mechanism could be the
anti-inflammatory effect of the blood cells which are
added to the scaffold. Prior studies have demonstrated
that the cytokines and growth factors released from
platelets increase chondrocyte proliferation and matrix
production,50 and inhibit the pro-inflammatoric cyto-

kine IL-1ß,29,54 and thus the platelets in the injected
blood may have had a chondroprotective effect. A
second hypothesis is that the repair of the ligament
may preserve some of its proprioceptive function. A
bridge-enhanced repair preserves the torn ends of the
ACL (which contain proprioceptive nerve fibers). With
healing of the ligament, it is possible that small stresses
on the ligament tissue may trigger those proprioceptive
fibers to activate the hamstring musculature and
dynamically stabilize the knee. It may be that these
autonomic microcorrections help restore normal
dynamics and kinematics of the knee, which ACL
reconstruction does not.3,6,42,51 Lastly, the addition of
exogenous collagen may simply provide a substrate for
the collagenase enzymes released in the joint after
injury,20 thus preventing these degradative enzymes
from acting on the articular cartilage. Further studies
are required to determine whether any of these
hypotheses are plausible or if another mechanism is
responsible for the chondroprotective effect of the
bridge-enhanced repair.

The porcine model has several limitations. The most
obvious one is that the pig is a quadruped, and thus the
porcine gait is dissimilar to human gait. In addition,
post-surgical rehabilitation in the porcine model is
relatively uncontrolled when compared with post-sur-
gical rehabilitation for the majority of human patients.
However, there are also some strengths of the porcine
model. The porcine haematologic profile and wound
healing mechanism are very similar to that in humans
compared to other animals 33,40 and anatomical and
biomechanical features are comparable to humans as
well.7,40,62

In summary, cells, growth factors and scaffolds can
all be used to stimulate ligament repair. The ACL,
which lives in the intra-articular environment of the
knee, fails to heal after injury because of premature
dissolution of the provisional scaffold that naturally
forms from blood in the wound site of other tissues,
like the medial collateral ligament. A substitute pro-
visional scaffold, consisting of a collagen device and
added autologous blood, can be surgically implanted
in the wound site of the ACL to stimulate ACL
healing. This technique of bridge-enhanced ACL re-
pair may someday provide a valuable therapeutic
option for patients with an ACL tear. The combina-
tion of a stable provisional scaffold and whole blood
that provides proteins and growth factors can be a
useful and translatable tissue engineering solution for
ACL repair, and potentially the repair of other soft
tissues. However, even with its strengths, a technology
that has good results in an animal model may have
unanticipated problems when evaluated in human
patients. To minimize the risk to human patients,
additional work assessing the potential safety, sterility
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and biocompatibility of the technology must be done
prior to translating a technology to the bedside. The
steps in that translation are detailed in the next sec-
tion.

THE PATHWAY THROUGH FDA

INVESTIGATIONAL DEVICE APPROVAL

Bridge-enhanced repair of the ACL using collagen-
platelet scaffolds has demonstrated promising biome-
chanical properties and a significant reduction in post-
traumatic osteoarthritis in the large animal models.
One next logical step, knowing these results, is to
progress to a first in human trial for bridge-enhanced
ACL repair. However, clinical use of a new technol-
ogy rightfully requires additional validations of the
scaffold prior to human use, including demonstrations
of safety, consistency, sterility, and biocompatibility
of the manufactured product. The Food and Drug
Administration (FDA) provides excellent guidelines
for many of these processes; however, in the past, the
majority of translations of these types of technologies
have been performed in industry and behind closed
doors. Furthermore, each technology is different and
not all guidelines can be applied in the same way to
each device. As a NIH-funded academic laboratory,
we recently had the opportunity to go through the
processes required by the FDA to obtain an investi-
gational device exemption (IDE) in preparation for a
first in human trial (Flow chart see Fig. 2). In the next
section, we will review our recent experience moving
from bench to beside in an academic laboratory for
bridge-enhanced ACL repair. We hope that our
experience will begin to clarify some of these issues
for other academic laboratories looking to translate
tissue engineering technologies to a first in human
study.

Device or Biologic?

One of the first major forks in the road to human
trial is to determine if the technology is a drug, device
or a combination of both. For devices, the pathway
toward an IDE is taken in concert with the Center for
Devices and Radiologic Health (CDRH) of the FDA.
This route consists primarily of demonstrating safety,
consistency, sterility and biocompatibility of the
manufactured product. However, for products which
also incorporate growth factors or cells, the pathway is
often guided by both CDRH and the Center for Bi-
ologics Evaluation and Research (CBER) as well as the
Office of Combination Products (OCP). For scaffolds
incorporating biologic elements, additional concerns
must be addressed, including methods for minimizing
potential contamination during manufacturing (par-
ticularly for products that cannot be terminally steril-
ized), proof that implanted cells will remain in place,
and reasonable data to support the assurance that
growth factors will be delivered in such a way as to
only affect the target cells. Thus, determining the pri-
mary review center for a new technology has a signif-
icant impact on the regulatory pathway to clinical trial.
For the academic investigator, early interaction with
the FDA can be particularly helpful. Obtaining clarity
from CDRH, CBER or OCP as to the designation of
the technology as a device, biologic or combination
product can expedite the processes in proceeding
through an IDE or Investigational New Drug (IND)
application. A request for designation can be submit-
ted to the OCP when the investigator is not clear on the
correct designation to obtain guidance from the FDA
for the specific technology.

Once it is determined which application (IDE or
IND) and which Center(s) of the FDA need to be
involved (CDRH, or CBER), the next step is to pre-
pare a pre-submission application (formerly known as
a pre-IDE) and request pre-submission feedback from

FIGURE 1. The distal femur for four porcine knees at 1 year after ACL transection and either no further treatment (ACLT), ACL
reconstruction with a bone-patellar tendon-bone allograft (ACLR), bridge-enhanced repair using a scaffold loaded with autologous
blood (BE-Repair) and an ACL reconstruction enhanced with a scaffold loaded with autologous blood (BE-ACLR). The medial
femoral condyle in the ACLT and ACLR groups have breakdown of the articular surface consistent with post-traumatic osteoar-
thritis (black arrows). These changes are seen in the same location as seen in human patients after ACL injury, even with
reconstruction. In the bridge-enhanced groups, less damage is noted, suggesting a potential beneficial effect of adding a scaffold
loaded with autologous blood to an ACL repair or reconstruction (adapted from Murray and Fleming, AJSM 2013).
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the FDA. A pre-submission is a document prepared by
the investigative team, which outlines the experiments
to be performed and information to be included in the
actual IDE application. The pre-submission is sent to
the FDA, assigned an identification number and then
sent to a lead reviewer and review team. The review
team reviews the pre-submission and may have ques-
tions for the investigative team which can initially be

addressed by email or phone in order to modify the
pre-submission. Feedback from the FDA can be re-
quested through email, teleconference, or through an
in-person pre-submission conference. Through the pre-
submission process, the investigative team has the
opportunity to present their technology and proposed
testing and receive feedback from the FDA review
team as to whether the proposed work to be done to

Device or 
Biologic?

•Early contact with CDRH, CBER, OCP key (Request for designation)
•Device (IDE Application) --> contact Center for Devices and Radiologic Health (CDRH) (demonstrate safety, consistency, sterility and 
biocompatibility) 
•Biologic or Combo (IND Application) -->  contact CDRH and Center for Biologics Evaluation and Research(CBER)/Office of 
Combination Products (OCP) 

Pre-
Submission 
Application

•Investigator prepares outline of experiments/information to be included in eventual IDE/IND application based on FDA guidance 
documents
•Submit pre-Submission document to FDA. FDA will set date for pre-submission meeting and review pre-submission application prior 
to the meeting.
•Guidance documents at http://www.fda.gov/medicaldevices/deviceregulationandguidance/guidancedocuments/ucm080202.htm

Pre-
Submission

Meeting

•Feedback as email, teleconference or in-person presentation with FDA review team
•Modifications/additions/deletions to the application (manufacturing, sterility, biocompatibility) are discussed
•Valuable for establishing connection with FDA for future questions

Creation of 
Design 
History 

File

•Product Specification (Product Title, Performance Characteristics, Material Requirements, Test Methods, Certifications, Quality 
Controls, Product Rejection Criteria, Responsible Personnel)
•Hazard Analysis, failure mode, effect analysis (FMEA)
•Design verification, validation activities (Release Test  Descriptions)
•Labeling
•Design review meeting minutes

Manufacture 
where?

•Internal Manufacturing --> Check if Design Control Requirements can be met. Need regulatory consultant and internal team. 
OR
•Contract Manufacturer --> Identify GLP/GMP facility with experience in FDA approval for similar devices.

Manufacture

•Follow GLP regulations (http://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfcfr/CFRsearch.cfm?CFRPart=58)
•Set up Process Specifications Docs (details of each manufacturing step, Figure 4)
•Set up  Design Control Docs (detailing the process of design and validation)
•Set up Quality Control Documents (Material Safety Data Sheets, Calibration Records, Training Documents, Certificates of Analysis, 
Production Logs (Figure 5), and Production Routers (Figure 6))
•Traceability from final product back to raw material source must be possible.

Packaging
•Contact medical device packaging companies/consultant for expertise in packaging
•Packaging has to pass burst/bubble test
•High quality materials and sealing equipment may prevent expensive packaging failures

Sterility

•Evaluate Sterilization method
•Method should not interfere with the release criteria of the product
•Bacteria: lot testing or sterility validation both options for the early stage product

•Lot testing requires the greater of 20% of the lot samples or 8 samples  (whichever number is greater) per lot be tested 
•For batches between 100 and 500 scaffolds, 20 scaffolds have to be tested for each lot
•Sterilization validation requires more extensive testing but once it is completed, less loss from each lot for this testing

•Viral contamination
•Lot testing and literature review may be possible; may also require viral inactivation studies.  
•Need to check with the FDA for your product.   

Other 
testing

•After establish DESIGN FREEZE (final manufacturing, sterilization, packaging protocols), need biocompatibility and stability studies
•Cytotoxicity, Maximization Sensitization,  Intracutaneous Reactivity, Systemic Toxicity, Genotoxicity (Bacterial Reverse Mutation 
Study), Genotoxicity ( in vitro Chromosomal Aberration in Mammalian Cells), Genotoxicity (Mouse Peripheral Blood Micronucleus),
Muscle Implantation Study,  6 week Systemic Toxicity Study in Rats Following Subcutaneous Implantation.  Particularly for the
intracutaneous and implantation studies, it may be helpful to include an FDA-approved material as a control. 
•Stability studies to establish shelf life for final product.

FIGURE 2. Flow chart listing steps to successfully get through an IDE application for a medical device at the FDA.
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document manufacturing, sterility and biocompatibil-
ity appear acceptable, or what modifications or addi-
tions may be required. This feedback serves as a
valuable starting point for discussions with the FDA
and development and implementation of a creditable
IDE application.

A guidance document for the preparation of a pre-
submission is available on the FDA website: (http://
www.fda.gov/downloads/MedicalDevices/DeviceRegulationand
Guidance/GuidanceDocuments/UCM311176.pdf)

Likewise, a guidance document for the prepara-
tion of an IDE document is also available on the
FDA website: (http://www.fda.gov/medicaldevices/
deviceregulationandguidance/guidancedocuments/ucm
080202.htm).

In our experience, the key data required for our IDE
application fell into three major categories: consistency
of the manufactured product, sterility and biocom-
patibility. This may vary depending on the intended
use of the device, technology of the device, and/or the
thoroughness of the existing preclinical testing pro-
vided in the pre-submission or the rest of the IDE (for
example, bench or animal functional testing). The
ramifications are that an equivalent focus may be
required by the investigator in these other content
areas (or others beyond these examples).

Control of the Manufactured Product

The control and consistency of the manufactured
product is supported and demonstrated by the genera-
tion of a design history file which is kept as a controlled
document at the laboratory with sections sent to the
FDA as part of the IDE application. The documents
which make up a design history file include the product
specification, risk analysis methods such as hazard
analysis, failure modes and effects analysis (FMEAs),
design verification and validation activities, labeling,
design review meeting minutes and the results of testing
performed such as biocompatibility and sterility. The
product specification is a document that details the ex-
plicit set of requirements for amaterial, design, product,
or service. This document typically contains details such
as a descriptive title of the product, the performance
characteristics or material requirements of the device,
the test methods used to measure any of the specific
characteristics, the required certifications, quality con-
trol requirements, provisions for rejecting a specific
product or batch of product, and the person(s) respon-
sible for questions on the specification.

The risk analysis is a structured tool for the evalua-
tion of potential problems which could be encountered
when using a medical device and is based on ISO 14971
Annex E. FMEA is often used as a tool as part of the
hazard analysis. FMEA requires generating a list of

possible defects in the product, assesses the effect of such
a potential defect, and identifies potential solutions. It
should be conducted at the beginning of the design effort
and as part of each design review to identify potential
designweaknesses. Such analysis are performed to allow
for the early identification of potential design inade-
quacies that may adversely affect the safety and perfor-
mance of themedical product. These potential problems
can then be eliminated or their effect minimized through
design correction or other means. FMEA documents
can include risks associated with the design (DFMEA),
processing (PFMEA) and end-use application
(AFMEA)of the product.A sample PFMEA for a tissue
engineering scaffold is found in Fig. 3.

The design verification and validation protocols and
reports include a series of documents that define the
testing which will be performed on the product before
its release into clinical use. These protocols can define
the specific testing and number of products to be tested
prior to clinical use.

In addition to this specific quality documentation for
the IDE, the process requires that the Laboratory meet
certain parts of the FDA Quality System Requirements
(21 CFR Parts 820), and more specifically 820.30, De-
sign Control. Some of the requirements of this regula-
tion are challenging to meet in an academic
laboratory—the regulatory burden is significant in
terms of time and cost. Therefore, an academic labora-
torymoving to first in human trials has at least two paths
forward: (1) identify a independent contract manufac-
turing company that can provide GMP/GLP facility
and is willing to work with the laboratory to develop the
required procedures or (2) proceed with manufacturing
internally ensuring that adequate laboratory controls
are in place and that Design Control requirements are
fully met. Use of a contract manufacturer can be valu-
able. Typically, these organizations have experience
with preparing the documentation for the IDE appli-
cation as well as GMP capabilities. However, use of a
contract manufacturer may not always be possible for
the academic investigator. If a product is truly novel, the
contract manufacturer may not be willing to take on the
risk of an entirely new manufacturing procedure. If the
product is too similar towhat a contractmanufacturer is
already producing, the new product may be seen as
competition. In addition, for devices with associated
intellectual property, there may be difficulties with the
academic institution agreeing on terms of ownership of
the intellectual property that might arise from transi-
tioning the manufacturing process from laboratory to
larger scale manufacturing. Lastly, hiring a contract
manufacturer to performGMPand the regulatory work
to bring a product to clinical trial is expensive and may
require a level of funding that can be challenging for the
academic investigator to obtain.
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In our experience with bringing our collagen-based
scaffold to the clinic, we were unsuccessful in finding a
contract manufacturer to produce our scaffold. After
discussing this with the FDA, we elected to proceed
with manufacturing the scaffold for the first clinical
study in our laboratory. We hired a regulatory con-
sultant to guide us through the Good Laboratory
Practice (GLP) standard and to generate the required
design control documents required for the IDE appli-
cation. In the end, this approach provided flexibility in
designing experiments as the data was gathered and
allowed the opportunity for independent decision-
making, which is inherently more satisfying for any
investigator. The pace of the work was dictated by the
availability of funding. In addition, being in an aca-
demic setting, there was a continuing incentive to
improve the product until the testing met the standards
that clinicians and scientists hold in developing a
product for patients.

The GLP regulations are found in 21 CFR Part 58:
GLP for Nonclinical Laboratory Studies (http://
www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfcfr/
CFRsearch.cfm?CFRPart=58). The standards for
GLP production with design control required the
generation of three major sets of documents which
assured consistency in manufacturing: process specifi-
cations (the details of each manufacturing step, Fig. 4),
design control documents (detailing the process of
design and validation), and quality control documents
including material safety data sheets, calibration re-
cords, training documents, certificates of analysis,
production logs (Fig. 5), and production routers
(Fig. 6). As our material was sourced from bovine
tissue, we also needed to generate documentation as to

the source of the tissue and the steps taken to minimize
the risk of bovine infectious agents (in particular,
bovine spongiform encephalopathy).

The process specifications (Fig. 4) are essentially a
detailed protocol of each manufacturing step. They
should be written so that any person with basic labo-
ratory skills could reproduce the manufacturing pro-
cess. The basic format is much like that of any in vitro
research protocol and include three sections: the
objective, the materials and the methods. Our in-house
documentation required that process specification
must be signed by three people: the project sponsor
(typically the principal investigator), the manufactur-
ing lead (in our lab, one of our post-doctoral students,
Dr. Proffen, served as our manufacturing supervisor),
and the person in charge of quality, in our case the
regulatory consultant, Gordon Roberts. An example
of a process specification is found in Fig. 4. For our
production of an extracellular matrix scaffold, we
found it easiest to break the process down into very
simple steps, separating tissue collection, washing
steps, enzyme treatment, lyophilization, etc. into indi-
vidual protocols. If we needed to modify a step, we
could modify only that particular process specification
rather than a large document.

Lastly, for each scaffold, there must exist an easily
traceable path back through the manufacturing proce-
dure all the way to each individual animal from which
the source tissue was taken. The production router
(Fig. 6) specifies a unique scaffold identifier for each
scaffold lot, as well as the reagents, materials and
equipment used to create the scaffold lot. This is
important so that if there is any problem with the per-
formance of a scaffold, potential sources of the problem

FIGURE 3. Example of a section of a production failure mode effect analysis (PFMEA). This document serves to record all the
potential causes of failure the design and manufacturing team can think of and to record the methods that will be used to reduce
this risk. BAR, broadly acceptable region; ALARP, as low as reasonably practicable; INT, intolerable. Severity score ranges from 1
to 10, with 1 being the least severe and 10 being the most severe. Occurrence ranges from 1 to 10 as well, with 1 being infrequent
risk of occurring and 10 being frequent likelihood of failure to occur. Rating is the product of severity and occurrence and is
assigned a classification of either BAR, ALARP, or INT. Higher ratings between 40 and 100 are not considered acceptable and
classified as INT. Risks rated between 16 and 36 may be acceptable, providing there is adequate justification regarding risk/benefit
ratio and are classified as ALARP. Risks rated below 16 are rated as BAR.
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can be identified, studied, traced, and rectified. An
example of a production router is found in Fig. 6.

The assembly of process specifications, design con-
trol documents, quality control documents and pro-
duction routers enables the investigative team to
standardize the production process, helping to assure
that each lot of scaffolds produced are similar and
meet the standards determined during the design con-
trol process.

Sterility Testing

After establishing a repeatable manufacturing pro-
tocol, sterility concerns should be addressed. In our

case, our extracellular matrix-based scaffold was orig-
inally manufactured and tested using ‘‘aseptic’’ pro-
cessing. These procedures are identical to how tissue
culture is performed in a laboratory. All instruments,
glassware, and reagents were sterilized prior to contact
with the material being processed. Sterilization of
instruments and glassware was performed using steam
sterilization in an autoclave. In addition, all instru-
ments and containers used during the manufacturing
procedure were depyrogenized to remove endotoxin.
Bacterial endotoxins are lipopolysaccharides from the
cell wall of Gram-negative bacteria. Endotoxins get
into the environment as a result of autolytic disinte-
gration of the bacterial cells. Even when the bacteria

FIGURE 4. Sample template for a process specification document. These documents are used for each step of the process-
ing—most manufacturing procedures will have several of these documents for each manufacturing process. At the top, the
process specification number and revision level are listed. The document contains the objective, defect awareness, required
materials and specific process steps, as well as associated signatures once the process specification is defined.
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are killed, endotoxin can be left behind that may elicit
a strong immune response.21 Sterile, endotoxin-free
plastic ware is available, and glassware and metal
instruments can be rendered endotoxin free by expos-
ing them to temperatures of 200 �C for at least 4 h.21

Under aseptic processing conditions without terminal
sterilization, the scaffolds produced in our laboratory
were implanted in over 500 animal knees, with only
one infection seen after surgery. This suggests that
aseptic processing was reasonably effective in mini-
mizing contamination of the scaffold. However, when
the stricter sterility testing required for clinical devices
was performed (Microtest), five out of five scaffolds
failed the testing, suggesting there remained small
numbers of bacteria contaminating the scaffolds.
Therefore, we evaluated multiple terminal sterilization
techniques for our extracellular matrix scaffold. Ter-
minal sterilization is performed on a device after it is
placed in its final packaging. The entire package is
sterilized using gas, steam, radiation or other tech-
niques and thus no more ‘‘processing’’ of the device
can be done after terminal sterilization. This ensures
that no contamination can be introduced into the
scaffold prior to final use in a patient. Examples of

terminal sterilization methods include radiation (gam-
ma, ultraviolet light or electron beam), steam, gas
(ethylene oxide, supercritical CO2) or chemical (alco-
hol or peracetic acid).

After finalization of the manufacturing protocol
and selection of the optimal terminal sterilization
method, we produced a ‘‘clinical grade’’ batch of
scaffolds, that were packaged and terminally sterilized.
From this lot, samples were sent for sterility testing for
bacteria and fungus (MICROTEST, Agawam, MA),
and additional samples sent for viral testing (Charles
River Laboratories, Malvern, PA). The bacterial and
fungal testing first required a feasibility study, where
the scaffolds were tested for any antibacterial or anti-
fungal property that might interfere with the sterility
testing. Once the scaffolds passed the initial feasibility
test, lot sterility testing was performed on a subset of
scaffolds from each lot. As stated in USP<71>, for
batch sizes smaller than 100, the greater of 10% of the
lot samples or 4 samples (whichever number is greater)
should be tested for each medium. Since two media are
tested, one for aerobic and one for anaerobic bacteria,
a total 20% of the lots in the scaffold or a minimum of
8 are tested. For batches between 100 and 500 scaf-

FIGURE 5. Sample template for production log document. These documents are used to document the performance of any step in
the process, be it manufacturing or device testing. At the top, the number of samples tested and the specific numbers are listed.
The solutions used in the testing are then specified in the next section, followed by the method for the assay or production step.
The results of the assay or production step are then recorded in the results section. The production log template is signed before
use.
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folds, not more than 10 scaffolds have to be tested for
each medium. To evaluate potential viral contamina-
tion of the scaffolds, we first performed a literature
review detailing the effect each of our major processing
steps was likely to have on the reduction of any bovine
viral load of the scaffold. As our processing steps were
similar to those previously demonstrated to result in a
1026 reduction in viral contamination (the standard set
per ISO 11137), we were able to combine the literature
review with viral lot testing for our IDE. For viral lot
testing, tests for nine bovine viruses were performed.
Viruses can be classified four ways: enveloped DNA-
based, non-enveloped and DNA-based, enveloped
RNA-based and non-enveloped RNA-based. Scaffolds
were tested for contamination with the most likely
bovine viruses from each class. This data was added to
the ‘‘lot release’’ data for this batch and for subsequent
batches designed for the biocompatibility studies,
preclinical animal trials and first in human trial.

In terms of sterility of the scaffold itself, there are two
major routes to take when producing a sterile and virus
free scaffold lot: lot release testing and validation stud-
ies. The methods described above fall under lot release
testing. For academic laboratories likely to produce only
a few lots of clinical gradematerial, lot testingmaybe the

preferred route for assuring sterility of the medical de-
vice. Lot testing is less expensive and data on the effec-
tiveness of the sterilization method is more easily
available. However, lot release testing requires use of a
significant number of scaffolds per batch (20% of each
batch smaller than 100 scaffolds), causing a significant
loss of scaffolds produced. Therefore, if the investigative
team envisions making larger numbers of lots of scaf-
folds, sterilization validation for both bacteria and
viruses could be performed. Depending on the sterili-
zation method, there are specific ISO guidelines that
have to be followed. For radiation techniques, the bio-
burden level of ten scaffolds from three consecutive lots
each is determined before sterilization. Based on this
bioburden, a minimum validation dosage is chosen as
dictated by ANSI/AAMI/ISO guidelines (11137 or
TIR33). Then 10 scaffolds from another lot are sterilized
using the minimum validation dose and the dose is ver-
ified if 0 or 1 of the 10 pieces is positive for bacteria.Dose
audits are performed regularly by conducting periodic
microbial load tests of 10 pieces of a lot every 3 months
and then subsequently sterilizing an additional 10 scaf-
folds with the validation dose and repeating the sterility
testing. For the viral validation, the source of the bovine
virus is the source tissue itself, therefore individual

FIGURE 6. Sample production router document. In the production router, the equipment used in each step is identified and
inspected for date of calibration and proper function. The lot number of each chemical used in the processing is recorded in the
next section and the technician performing the step signs and dates the form each time a step is completed.
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processing/sterilization steps are tested for their
potential to reduce the source virus burden. For this
step, tissue or scaffolds are processed up to the process/
sterilization step to be tested and shipped out to the
testing facility where they are spiked with a specific virus
load. Then the process/sterilization step is performed
and the reduction in virus burden is measured. After
testing all potential virus reducing processing/steriliza-
tion steps the individual reductions in viral loads are
combined. The virus validation is verified if a total viral
reduction of 1026 during the processing/sterilization
steps is achieved. This type of validation of the manu-
facturing process is more expensive in the short run than
lot testing, but is still valuable to do relatively early in the
process to ensure the process results in at least a 1026

reduction in virus. If it is found later that the manufac-
turing steps do not result in a cumulative reduction of
1026, then additional manufacturing steps may need to
be added which can change the final product and
necessitate repeating the terminal sterilization, bio-
compatibility and any other critical preclinical studies
prior to proceeding.

Biocompatibility Testing

Once we had established manufacturing protocols
and a terminal sterilization technique, biocompatibility
testing was performed. This was also performed at an
outside facility with experience in running these tests to
ISO 10993-1 specifications (NAMSA, Northwood,
Ohio). The standard biocompatibility tests for medical
devices are outlined in (http://www.iso.org/iso/
catalogue_detail.htm?csnumber=44908). These tests
are typically runon either an extraction of the device (the
device is placed into an extraction solution for a specified
period of time, and then the extraction solution is tested
for biocompatibility) or if the device is soluble, it may be
dissolved in a fluid and then the solution tested. For
devices including collagen which are semi-soluble, the
decision between testing as an extraction or a solution
can be unclear and preliminary studies to determine
which route is appropriate are well worth doing.

The following nine biocompatibility tests are typi-
cally performed for implantable medical devices:
Cytotoxicity, Maximization Sensitization, Intracuta-
neous Reactivity, Systemic Toxicity, Genotoxicity
(Bacterial Reverse Mutation Study), Genotoxicity
(in vitro Chromosomal Aberration in Mammalian
Cells), Genotoxicity (Mouse Peripheral Blood Micro-
nucleus), Muscle Implantation Study, 6 week Systemic
Toxicity Study in Rats Following Subcutaneous
Implantation. Particularly for the intracutaneous and
implantation studies, it may be helpful to include an
FDA-approved material as a control.

Preparation of an Investigational Device Exemption
Application (IDE)

The guidelines for preparing an IDE can be found at
(http://www.fda.gov/MedicalDevices/DeviceRegulationand
Guidance/HowtoMarketYourDevice/Investigational
DeviceExemptionIDE/ucm046706.htm). In essence the
investigative team needs to prepare all the documents in
a specified order and submit two identical copies, as well
as an electronic copy, to the FDA. In addition to the
manufacturing documentation noted above, the IDE
application also requires specification of an ‘‘Investi-
gational Plan’’—essentially the details of the proposed
clinical trial—aswell as a copy of the proposed informed
consent document to be used when recruiting patients
into the trial. Other components include copies of all
labeling to be used for the device as well as the instruc-
tions for use to be providedwith each device. All of these
materials should typically be reviewed by the Institu-
tional Review Board (IRB) of the investigator’s insti-
tution prior to inclusion in the IDE, although the IRB
may prefer to review the material only after the IDE has
been approved by the FDA.

After IDE Submission

Once the FDAhas received the IDE application, they
will notify you in writing of the receipt date and the IDE
number the application has been assigned. At 30 days
after receipt, the IDE application is considered ap-
proved, unless the FDA otherwise informs the sponsor
that the IDE is approved, approved with conditions, or
disapproved. In cases of disapproval, you have the
opportunity to respond to the deficiencies and/or to re-
quest a regulatory hearing under 21 CFR Part 16.
Additional information on the IDE approval process
can be found at on the FDA website (http://www.
fda.gov/MedicalDevices/DeviceRegulationandGuidance/
HowtoMarketYourDevice/InvestigationalDeviceExemption
IDE/ucm046164.htm). In our case, there were several
questions about the proposed first in human study that
we needed to clarify which we were able to do within the
timewindowof approval, and subsequently, approval of
the IDE was granted.

Summary

Bridge-enhanced ACL repair in its current form
may provide a valuable therapeutic option for patients
with ACL tear. It takes advantage of the biologic basis
of wound healing in other tissues by providing a stable
provisional scaffold which can immobilize autologous
blood in the otherwise fluidic wound site. This tech-
nique has shown promise in preclinical models—with
ACL repair strengths similar to that of ACL recon-
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struction at 3, 6, and 12 months after surgery, as well
as demonstrating the potential to lower the risk of
premature osteoarthritis after ACL injury. Bringing a
tissue engineering technology to the bedside is enabled
by good science, regulatory expertise and early com-
munication with the FDA. Building a team to
approach the regulatory process, including experts in
regulatory requirements, a project manager, a dedi-
cated scientific team, experts in biocompatibility, ste-
rility and packaging evaluation and the FDA staff, are
all important for a successful IDE application. In
addition, the cost of bringing a tissue engineered
product through to the bedside is expensive and time-
consuming, with little academic recognition for this
type of work. However, this type of work can be
instrumental in moving a product from bench to bed-
side and it can be done in the framework of an aca-
demic laboratory.
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