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Con@navalh A (Con A) inl@crions with hydrophobic and hydrcpbilic polydietylene suf@s
wee prcbd by totd inrmrl Election Uv nuo@scne specnMopy (TIRF). The elycolipid polydr-
dewlene sudac* shoptd the sm€ binding spsificily wiih Coa A d $llble or membran€-bound
sus6. The TIRF technique and polym€rized nomlayes are *ful for the study of nodel medbme
protein i.lmdioni

INTRODUCTlON

Lipid motrolayen attached to planar soiid
supports have gained considerable intercst as
models for the study of protein-membnne
(l) and c€ll membrane (2) interactions. The
use of highly stable polymerized monolayers,
formed by diacetylenic amphiphiles fonowing
deposition by lnncEuir-Blodgett technique
and Uv-irradiatiotr, has t\een described re-
cently (3).

lntemctions ofprotelns with these sudaces
can be moDitored by TIRF spectroscopy (4).
TIRF is a new technique which utilizes total
intemal reflection optics to generate ad in-
terface-bound evanesc€nt wave. By exciting
at 280 nm, the intdnsic UV fluorcsoence (3 10-
350 nm) of Fotein (due to th€ tryptophan
moieties pres€nt) can be readily monitored.
As the penetation depth of the intefac€-
bound evanescent wave is only about 1000
A, the majority ofthe signal comes from that
protein witlin several hundred Angstroms
of the interface, the majority of this corD-
ing fiom adsorbed or surface-bound proteln.
TIRF is a highly surface-sensitive technique
which permits real-time adsorytion-desorp-
tion sluahes of unlabeled proteins under well-
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defined conditions. ExperimeDtal and insfu-
medtation details are avarlable (4, 5).

EXPERIMENTAL

Quartz slides (Hercaus Suprasil 25 X 15
x I mm) were used as supports for the mono-
layers. The slides werc cleaned (4) and sF
lanized by dimethyldichlorosilane treatment
followed by the deposition of four layen of
arachidonic acid (6). A monolay€r of a po-
lymerizable diacetylenic amphiphile (Table I)
was spread at the gas-\ aler inierface ol a
I-angmu film balance (l-auda) with water or,
in the case ofthe long-chain carboxylic acid,
lE Cdcl2-solution as the subphase. The
monolayer was compress€d to the solid-analog
state (surface pressure: 25-40 mN/m) and the
hydrophobic quartz slide was dipped through
lhe 6lm b) means of an electrooical) con-
rolled and aliven dipping system. An ordered
monolayer with the h€adgoups ofthe lipoids
orientated toward the subphase was deposited
on the first dowaward trip. After rcmoval ol
Lhe remaining Eim from lhe ga-$?ler inLer-
face, the monolayer was polymerized via a
Uv-lamp (Hamamatsu Corp.) with an inten_
sity of 0.5 mwcm'z for 10 din while the sup-
port was still submerged- The polymerized
films appear slightly blue or red which are the
typical colon ofthe conjugatEd double-tdple
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TABLE I

Slmctn6 ol the Dtu€ryle.e AmDhiphiles Usd in rhis
work (se (9) ror Delaiis)

R: -(cHrL-c:c-Gc- (c HrltcH3

Dulbecco's phosphate-bufered saline (PBS),
pH 7.2 (8), at a concentation of I m&/ml,
and filtercd through a membftne (Schleicher
& Schuell, FP030/7) prior to injection into
the TIRF system. L-Trlptophan (Calbiochem,
rccrystalized) standards for calibration (0.02,
0.05, and 0.1 mg/nl) wer€ Feparcd in the
same buffer. Tryptophan fluorescence was ex-
crted al280 nm aDd emission was monitored
at 340 nm.

The adsorption cell and surfac€ were riDsed
and equiiibrated vrith PBS buffer. The l-mg/
ml Con A solution was injected at a flow rate
of 2.4 mllmin. Flow was stopped after 120
sec and the solution was then static for up to
120 min. Buffer was then inj€cted at 8.8 mV
min for 270 s€c to rcmove th€ protein solution
and commence deso.ption ofCon A.

Con A bound to hydrophobic dimethyl-
dichlorosilare{reated quartz sufaces in a
characteristic manner. Adsorption plateaued
at 40 min. Desorption required 15 min to
plateau. Tlpically, 86% of the pmtein re,
mained nreversibly adsorbed on the hydro-
phobic surfaces-

On hydrophilic quartz sudac€s, Con A ad-
sorbed slowly and rcquir€d more than 60 min
to stabilize. Desorption occurred rapially,
leaving 53% of the protein irreveNibly bound
to the surface.

Table I shows the structures of the diace-
tylenic amphiphiles (9) invesligated. Table II
summarized the TIRF rcsults for various sub".

The adsorption behavior of Con A on neg-
atively chaqed polymeric monolayers ftom
(l) and ( ) is very simitar itr the initial stage
with a slow but steady increase in fluorcscence
intensity which tevels otrafter about 60 miD
on surfac€s ftom (I). On surfaces comprised
ofthe ampbiphile (II) the adsorption process
still contitrues after 120 min which might be
due to ion-€xchange interactions betweetr the
strongly negative phosphate goup and the
lectin. Desorption o these negatively charged
sud-aces takes place primarily du.ing the id-
jection pedod (85% ofthe desorbing protein
is removed during the first 50 sec) and reaches
tottrct d.:rttdtt @tt rnbta. tu$e, vor. r0 L No 1. $d@er se

H O O C - R  ( I l

H ,OrPo-CHrR ( [ )

cHso/ tcN, ) , -ooc-R , . r ,
cH+rcH,i-ooc-R *'

coo cH,-R
cF*l-in

!H,coccH,-R

sot-f!4HHosrdr-cH -F rnl

9H cx,ol
n"T$olAr.,,r-,rr',-co-n rr4l

bond pollaner backbone prcsenl in pobdi-
acel)leoes (7). A monolaler of aracbidoni(
acid was lhen spread on the subphase aDd tle
slide coaled wilh pol) merled film qas slowl]
wilbdrawn. The final laler o[ salurated car-
borllic acid prolrcls rhe pollmerled moDo-
laler undemslh fiom rhe loss ol warer of
bldratioo. Ihis final layer can be easil) re-
moved by rinsing t-be dide wirb buffer. The
monolayer assembly can br kept under am-
bienl cotrdilioos for weeks withour delerio-
mlioD as evidenced by elecuon microscop!
performed up to 3 months after the initial
prepamlion of the monolayer.

Concana\alin A (Sigma) was diesolred in
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TABLE ]I

AveFge Nomalizd Fluors.c lnleffities

alnr t{nd

The interactions of Con A with the f,os;
tively charged quatemary ammonium head-
group of (III) are coDsidembly weaker with
correspondingly lower fluorescence intensities
than in lhe case of(I) and (II). The adsorptioD
process does not attain equilibdum until after
120 min, Fesumably due to ion-ion inter-
actions between protein aDd surface. Flushing
t}le s]stem with buffer resulted in 66% ofthe
lectin tightly attached to the polar arnmonium
groups of (III) after desoetion.

The aspartic acid ester (IV), witi its weakly
positive amino headgroup, proves to be a very
weak substmte for Con A adiorption. The nu-
orcscenc€ intensities observed are oDly about
one-third ofthose in the previous exp€riments.
Only 32% ofthe protein re aiDs oD thb sur-
face after desorption.

The polymerizable glycolipids with th€h B-
glucopyranose (B-Glcp) (y), B-galactoplranose
(Pcalp) (\.I), and d-elucopyranose (a-clcp)

85,otxl

26,500

22.4!i/)
25,000
17,300
7.7c/J

11.800
6,200

r4,6110

73.000

r4,000

r4,500
13,200
I1,400
2,500
4,300

900
9,000

53

65
53

32
36
t 5
62

a plateau after about 1 5 min with 657o of the
lectin irreversibly bouDd to the carboxylic acid
head$oups of (I) atrd 5370 to the phosphate
headgoups of (Il).

q
r-g!
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Flc. l. Adspnon ofcon A on djfeFnl polyredzed glycolipid nondayd. Tte vertical dis is mmDlized
lnoescence irtensiry. Tbe norizonlal axis is tine in minutes. A1 th€ far left lle inlensities ofthe tryuopnan
st ndards a€ iadi€red for the wiou expqiments. The rumb€B vary $ighrly beauF €ach exp€nmon1
requiE a ditreEnt Nmbly ofth€ quart prisn plate combimtioni smal1 aoounts of sflains prDduc
a sign.l from tbe !!lk slution. This sis.al is @movqt from the tot l by rhe nomatiarion add qu! izrion
prccerurs (5)- Tine zqo is indi€ted a that tim€ fron which rhe F id injectior hsins. The solution
erieB tbe enler ofihe el smplins volume vihin 2 s. Time rero at 1be fd nghr is 1hal rim€ ar wbicb
ihe d&rptio. sequene b€sirs, wh€Ein fie prc1ein slulion in the e[ G lushed out b! bufd. The ad$rM
prctein m.@nt@tion is nonilord wilh time, i.e., the desrplioa kirctjcs. Tte numbes refer to the
@mDounds in Table L

rahqt aJftlail bd tnt.drc s.tut.
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(vII) head$oups are of pafiicular intercst iD
their different intemctions with the a-Manp-
and a-Glcp.specific Con A (Fig. 1 aDd Table
II). In agglutinatioD experimeDts with glyco-
lipid-bearing liposomes, no rc€ognition and
binding of Con A to d-Galp headgroups wer€
observed (10). Our TIRF experiments dem-
onstmte that there was little itrteraction be'
tween pollmerized monolayen of glycolipid
(l-I) and Con A. Fluorescerc€ iDtensities sta-
bilize during the injection period and no fur-
ther increase can be detected over a 4Gmin
time intenal. Only I 5% ofthe protein remains
on these surfaces after desorption, pesumably
due to weak polar forces betwe€n the protein
and the sugar moieties.

Polymerized vesiclqs liom (D were agglu-
tinaGd by Con A ( I 1) indicating the possibil ity
of lectin-sugar interactions if the sugar moi-
eties are presented in high arca density. Indeeq
a substatrtial adsorption of Con A on poly-
merized monolayen oflhe PClcp glycolipid
(V) was observed which takes more than 120
min to reach plateau- Flushing bufrer through
the system removes protein fluorescence mp-
idly: 367, ofthe lectin rcmains attached to the
surfac€ after desorption.

The polymerizable @-Glcp glycolipid (VI)
with the sugar headgroup itr proper conigu-
ralion to be recogdized by Cotr A interacts
strongly with tlle lectitr when orietrtated in
polymerized hydrophilic monolayen; 628 of
the protein is bound irreveFibly to lhe surfac€.

@NCLUSIONS

Our rcsults indicate that the lectin conca-
navalin A intemcts very sfiongly with hydro-
phobic surfaces. Hydrophilic surfaces com-
pds€d of the negatively charged headgroups
of diacetylenic lipoids organized in polymer-
ized monolaye$ bind this protein to a larger
extent than positively charged fi1lns on a
planar solid support. The aalsorption of Con
A to the sugar headgroups of glycolipids in
polymerized monolayers is dep€ndent on the

configuralion of th€ glycopymnose moieties
with little binding to P-Galp, morc binditrg to
p-Glcp, and even more adsorption to a-Glcp.

Stable pollmerized monolayers with the
hy&ophilic headgroups of the amphiles ori-
entated to the aqueous environmenl were
shown to be useful tools for the study of plo-
tein membrane interactions. The deposition
of iipid motrolayers otr hyalrophobic planar
supports and the stabilization ofthese sufac€s
by polymedzation rcsults in model sudaces
us€ful for a variety of fundametrtal sudace
chemical and protein adsorytioD studies.
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Summary: This study surveyed PKU patients and their primary caretakers to assess
their current management practices, the barriers to effective management, and the
potential utility of a home monitor in managing PKU. A survey instrument was mailed to
caretakers of all 50 patients with PKU in Utah between the ages of 2 and 18 years in 1997
(response rate 64%). It included separate components for caretakers and patients aged
10 to 18 years. Although there was uneven compliance with recommended practices,
caretakers universally recognized the negative consequences of not adhering to the low-
protein diet. There was, however, disagreement regarding such consequences among
the older children surveyed. The primary obstacles cited to better adherence were time
constraints and stress associated with food preparation and record-keeping, and the
restrictions imposed on social life. Phenylalanine test results were regarded as the
principal signal for the need for dietary adjustment. Despite the facts that obstacles
to dietary adherence are multifaceted and that no single intervention would therefore
serve as a panacea, a large majority of respondents believed a home monitor would
facilitate better management of PKU through more regular and timely feedback.

Phenylketonuria (PKU) is an inborn metabolic disorder caused by phenylalanine hydroxy-
lase deficiency, which, if not diagnosed and treated at birth, causes severe irreversible
mental retardation. There is a nationwide newborn screening in the United States for this
condition. Treatment requires maintenance of therapeutic blood phenylalanine (Phe) levels
through a low-Phe diet. Diets must be individualized and periodically adjusted to maintain
adequate nutrition for physical development. A synthetic protein source (formula) is required
to provide adequate nutrition intake. Several studies have shown that discontinuation of
the diet results, over time, in neuropsychological and behavioural problems as well as
decline in IQ (Koch et al 1987, 2002; NIH 2001; Pietz et al 1988; Ris et al 1994; Rylance
1989; Smith et al 1988; Wappner et al 1999; Weglage et al 1992). Health professionals
generally agree that the patient must therefore adhere to the diet throughout life (Medical
Research Council 1993b). Blood Phe levels of women with PKU must be strictly controlled
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during childbearing age in order to prevent damage to the fetus. Currently, the protocol
for monitoring of Phe levels requires periodic drawing of blood by the patient, followed
by laboratory analysis of the sample and a report back to the patient, generally within a
week.

Similarly to other chronic conditions such as diabetes and hypertension, successful man-
agement of PKU is dependent on patients and their families. However, the rate at which
patients ‘comply with’ or ‘adhere to’ the PKU diet typically declines as they move into
adolescence (Medical Research Council 1993b; NIH 2001; Weglage et al 1992). Given the
potentially serious consequences of elevated blood Phe levels, it is critical to identify the
obstacles to better management faced by patients and their families, and to devise policies
and procedures to alleviate them.

Clinicians often cite the restrictiveness of the recommended diet, the palatability of
medical foods, testing frequency, knowledge and perceived value of the diet, psychosocial
problems, the cost of medical foods and formula, and the availability of professional support
as factors that hinder adherence (NIH 2001; Seashore et al 1999; Wappner et al 1999). Little
is known about these obstacles, however, from the perspective of patients and their parents.
Four previous surveys collected information on various aspects of the management of PKU.
A German study, based on narrative interviews with parents of 8-year old PKU patients
(n = 11), found that parents did not follow a strict dietary regimen but compromised between
the dietary recommendations and personality development of the child (Awiszus and Unger
1990). A Minnesota study (n = 43) focused on the effects of family functioning on the
management of PKU and concluded that family cohesion and education were positively
correlated with metabolic control and the patient’s IQ level (Shulman et al 1991). Another
study surveyed PKU clinics in the United States and Canada regarding frequency of visits,
dietary control and noncompliance policies (Fisch et al 1997). The American Association
of Pediatrics (AAP) Committee on Genetics surveyed parents and young adults with PKU
(n = 1064) across the United States via the National PKU News in its effort to develop
PKU management guidelines (Wappner et al 1999). This survey provided some summary
information on PKU management practices and concluded that parents supported more
stringent PKU management.

The present study reports findings of a survey distributed to Utah PKU patients in 1999.
In addition to systematically exploring how patients or their caretakers currently manage
dietary control and Phe-level testing, this survey elicited information concerning barriers
to adherence to the diet from the perspective of both caretakers and patients, and assessed
the potential utility of new home monitoring technologies from their viewpoint.

METHODS

The survey instrument was mailed in September 1999 to all 50 classic PKU patients in Utah
between the ages of 2 and 18 years, and living with a parent. While the primary care-giving
parent was requested to answer all questions, patients who were aged 10 years or older
were also requested to answer a subset. The survey included both closed and open-ended
questions that permitted the patients and caretakers to comment in more detail on certain
aspects of PKU management. As an incentive to complete and return the survey, families
who responded were paid a modest compensation of $10. Patients were asked to identify

J. Inherit. Metab. Dis. 28 (2005)
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Table 1 Sample of PKU patients by sex and age—summary statistics

Male Female All

Mean SD Mean SD Mean SD
age (y) age (y) n age (y) age (y) n age (y) age (y) n

Patients <10 4.3 2.6 9 4.5 1.9 10 4.4 2.2 19
years of age

Patients ≥ 10 12.2 2.5 6 14.4 2.5 7 13.4 3.1 13
years of age

All patients 7.5 4.9 15 8.6 5.5 17 8.1 5.2 32

themselves on the return envelope but not on the survey instrument itself. Return envelopes
and survey forms were separated upon receipt, in keeping with the promise of confidentiality
made to respondents. A list of respondents was kept, however, in order to assess whether
findings were subject to selection bias. Subjects who did not respond were contacted again
by mail after 4 weeks. By mid-December 1999, 32 subjects (64%) had responded to the
survey. Table 1 summarizes the age and sex distribution of patients who responded to the
survey.

If parents who were better informed and more careful about PKU management were
also more likely to respond to the survey, then the results could be subject to sample
selection bias. Among the 2–5 year age cohort, such bias was not a problem because only
one questionnaire (out of 13) was not returned. Among children older than 5 years, where
the response rate was 51%, we assessed potential selection bias by comparing responding
and nonresponding subjects in terms of patients’ blood test frequencies and measured Phe
levels from clinic records. These records indicated that the number of Phe tests over the
previous 12 months averaged 6.4 (SD = 5.1) for responding patients and 4.0 (SD = 3.4) for
nonresponding patients, a difference that is significant at the 10% level (two-tailed test). On
the other hand, the mean measured Phe levels were respectively 10.0 mg/dl (SD = 6.5) and
10.6 mg/dl (SD = 4.3) for the responding and nonresponding groups and this difference
was not statistically significant (p = 0.39). Thus, there is some suggestion that in the
case of children older than 5 years of age the management practices of responding and
nonresponding groups were significantly different, although the impact of such differences
on measured Phe levels was not significantly different.

RESULTS

Adherence to management recommendations

Successful management of PKU requires patients and caretakers to be familiar with the
prescribed diet, to track Phe and energy intake, to monitor the physical growth of the
patient, and to periodically test blood Phe levels. Survey findings summarized in Table 2
show that knowledge concerning the diet was not a problem for the overwhelming majority of
caretakers (91%). Low-protein foods were used extensively (78%). Some families, however,

J. Inherit. Metab. Dis. 28 (2005)
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Table 2 Current management practices of PKU familiesa

Almost Some Almost No
always Often times never response

The prescribed diet is known 87.5 3.1 6.3 3.1 0.0
Special low-protein foods are used 50.0 28.1 15.6 6.3 0.0
A count of the amount of Phe 37.5 25.0 25.0 12.5 0.0

used is kept
Adequate calories are consumed 40.6 31.3 12.5 12.5 3.1
A count of calories consumed is kept 6.3 6.3 25.0 62.5 0.0
Child’s height and weight are measured 6.3 28.1 50.0 12.5 3.1
Diet records are kept before each 40.6 15.6 25.0 18.8 0.0

blood level
Each Phe test is taken at 53.1 25.0 15.6 6.3 0.0

around the same time of the day
Prior to a Phe test the diet 9.4 37.5 34.4 18.8 0.0

is followed more carefully
aPrimary caretaker responses (n = 32). Reported figures are percentages

were more lax than others in the management practices. Phenylalanine intake was monitored
‘often’ or more frequently by 63% of families. Although a majority of families (72%)
reported adequate energy consumption, only 13% reported that they actually kept track of
energy intake ‘often’ or more frequently. Such a discrepancy may be explained, in part, by
the fact that the calorie count was normally kept by the nutritionist. Two parents commented
that this was indeed the case for them.

Since protein is required for normal development, another part of the management pro-
tocol for PKU is the periodic measurement of the patient’s physical development under the
low-protein diet. Measurement of physical development did not appear to be a priority for
most families, with 63% of caretakers reporting doing so ‘sometimes’ or less frequently.
There was no relationship between such measurement practices and the age of the patient.

Careful dietary record keeping is important if the diet is to be adjusted in an informal
manner. More than half of caretakers reported that they kept dietary records before each
blood Phe level test and a large majority (78%) did so at a same time of day in accordance
with clinic recommendations.

It has been noted that patients often ‘prepare’ for the test by changing diet just before
testing (Weglage et al 1992). Indeed, a significant number of the Utah families (47%)
reported that they altered their compliance behaviour in anticipation of testing ‘often’ or
more frequently. This suggests that measured Phe levels kept by the clinic may frequently
underrepresent the typical Phe levels of patients.

In response to other questions on management practices, only 6% of children were re-
portedly taken off the diet for more than a month. Many parents used nonclinical markers
to assess how their children are doing; 47% reported that they could tell that the child’s Phe
level was high just by observing the child. In accordance with the clinical literature (Smith
et al 1988), the reported symptoms were typically ‘irritability’, ‘moodiness’, or ‘whining’.
(Throughout the paper, selected quotations from respondents’ comments in open questions
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are provided in italics.) Only one caretaker reported physical symptoms (‘pale complexion,
eczema, bags under eyes’). Sixteen percent of parents reported that their children had
learning problems (‘speech delay’, ‘trouble keeping with peers in classroom’, ‘inability to
pay attention in classroom’, and ‘visual and perception problems’ ).

Barriers to adherence with the diet

Currently, the Utah Metabolic Clinic recommends blood Phe level testing once or twice a
month for patients between ages 2 and 4 years, and once a month for patients older than
4 years. Based on independent review of clinic records, nonadherence to the recommended
test frequency was widespread. The average number of tests over the 12 months preceding
the survey for the younger cohort was 12. Three toddlers under age 3 years who were tested
just six or nine times over this period posed particular concern because of the extensive
damage associated with elevated Phe levels in early life. In the older cohort, the number
of tests averaged 6.6 per year, with 25% of patients tested only once in a 3-month pe-
riod or less frequently in the previous year. The yearly median measured Phe levels were
above the recommended level of 6 mg/dl for 9% of the 2–4 years age cohort. The corre-
sponding figure was 70% for patients between ages 5 and 18 years. Sex differences within
either age cohort, in terms of testing frequencies or blood Phe levels, were not statistically
significant.

The survey attempted to assess which factors, from the families’ perspective, accounted
for nonadherence to the diet and recommended test frequency. As noted above, the suc-
cessful management of PKU requires special foods and formula, and frequent visits to
health professionals, which could pose substantial financial burdens (Awiszus and Unger
1990; Medical Research Council 1993a; Wappner et al 1999). Special formula generally
constitutes the largest single component of treatment cost, ranging from $3000 to $5000,
per year, depending upon age. Utah provided payment for low-Phe formula in the past, but
this policy is subject to change.

Lack of health insurance or noncoverage of certain expenses may, therefore, constitute
a barrier to effective treatment. Among Utah patient families, 45% reported that PKU was
not a substantial financial burden on their household. One parent qualified the response
by stating that it depended on the insurance coverage, and two parents stated that they
expected the financial burden to increase as the patient got older. Table 3 summarizes the
extent of insurance coverage for various services and products utilized by the PKU patients.
It reports only the presence or absence of insurance for various services and does not
give any information on the extent of co-payment, co-insurance or deductibles. Just 6%
of patients had no insurance at the time of the survey. Modified low-protein foods were
not covered by insurance policies of most families (83%), a potentially serious source of
financial burden. This figure is also virtually the same as that reported by the AAP national
survey (Wappner et al 1999). Forty percent of families reported that all physician visits were
covered by insurance, while the rest reported that some visits were covered. At least some
of nutritionist and hospital visits, laboratory tests and PKU formula were also covered for
most families, but 13–23% of families did not know whether their insurance covered any of
these. A larger number of families (40%) were uncertain about or unaware of the coverage
of their policies for psychologist visits, social worker visits and psychological testing. These
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Table 3 Extent of insurance coverage of PKU patientsa

None Some All Don’t know

Physician visits 0.0 60.0 40.0 0.0
Nutritionist visits 3.3 46.7 26.7 23.3
Laboratory tests 0.0 40.0 43.3 16.7
PKU formula 6.6 46.7 33.3 13.3
Modified low-protein foods 83.3 0.0 10.0 6.7
Psychologist visits 10.0 30.0 23.3 36.7
Psychological testing 10.0 26.7 23.3 40.0
Social worker visits 0.0 36.7 23.3 40.0
Hospital visits 0.0 50.0 36.7 13.3
aResponses of 30 parents (out of the total of 32) who had some form of health
insurance coverage. Reported figures are percentages

patients also met with mental health professionals and social workers significantly fewer
times compared with the rest of the patients.

A separate assessment was made of the extent of total out-of-pocket medical spending on
medical care (physician, nutritionist, psychologist, social worker, hospital visits, laboratory
and psychological tests, formula and low-protein foods) related to PKU during the 12 months
preceding the survey. The reported annual out-of-pocket spending of the insured families
ranged from zero to $2400 (mean = $550, SD = $595). Out-of pocket expenses were higher,
on average, for patients older than 10 years than for the younger cohort patients.

PKU diet planning and preparation is a complicated, time-consuming activity that requires
knowledge of foods and recipes, and continuous measurement of ingredients (Awiszus and
Unger 1990). The diet is also considered to be restrictive and comprises foods that are
unpalatable (Prince et al 1997). With respect to nonfinancial problems in optimal PKU
management, the instrument included a series of closed- and open-ended questions. Closed-
ended questions focused specifically on the demands associated with food preparation,
record keeping and Phe testing. Caretakers’ and older patients’ responses to these questions
are provided in Table 4.

According to Table 4, there were no statistically significant differences between percep-
tions of parents with children younger than 10 years of age and parents with older children
regarding management of PKU. The widest divergences of opinion, although statistically
nonsignificant, were observed in response to statements 1 and 5. While most parents did
not consider the preparation of the diet foods overly burdensome and found the Phe level
testing more cumbersome, these hold true for a relatively larger number of older patient
parents. These findings may be attributable to the experience of or greater involvement
of patients with PKU management. Responses to other statements are more concordant.
Dietary adherence required significant labour for most parents. Around 70% of parents
agreed that they ‘put a lot of effort into complying with the diet’. Dissatisfaction with the
diet, on the other hand, was widespread. Caretakers and children who were not satisfied
with the variety of foods in the PKU diet exceeded those who were satisfied by a margin
of 2 to 1.
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There were some notable differences between the views of caretakers and older patients
concerning some aspects of the Phe testing protocol. Patients were less sure of the need
for continuation of testing and more likely to be bothered by the testing protocol. Care-
takers were aware of adverse consequences associated with elevated blood Phe levels and
the need for a programme of sustained testing to monitor such levels. They universally
believed that Phe testing at their child’s current age was necessary. Older patients who were
surveyed, however, were more ambivalent; a much smaller fraction (56%) of patients than
their caretakers disagreed with the statement that Phe testing was still necessary at their
age (p < 0.01). They were also less likely than their parents to disagree with the statement
that blood Phe level testing is time consuming or cumbersome (p < 0.05). According to
the responses to the survey, the average lag between the collection of the blood sample and
obtaining test results is 5 days (range 3–10, SD = 2.2), which is shorter than the 7 day lag
time observed AAP national survey (Wappner et al 1999). Patients were more likely than
their parents to maintain that the waiting period was a factor that made diet compliance
more difficult.

Phenylalanine testing ranked very high among families with respect to gauging the suc-
cess of, and the need for, alterations in management. In their open-ended comments, pro-
vided by 84% of respondents, caretakers universally concurred that the Phe test was the
primary and most important indicator of how well they were doing. Most parents (78%)
indicated that they utilized the Phe test results to make adjustments in the diet. They found
Phe test results useful for other reasons as well. One noted that Phe test results helped
in ‘work[ing] with the clinic to obtain the best results’. Several parents reported that the
Phe results gave them ‘peace of mind’. Two parents stated that Phe results were helpful in
encouraging dietary compliance.

Some research has documented significant psychological and social challenges to parents
in the management of PKU and the attendant struggle to find a balance between strict
dietary control and flexible developmental goals for the child (Awiszus and Unger 1990),
but this research has not explored how the management of PKU affected family life. When
asked to comment on the overall impact of PKU on the quality of their lives, Utah parents
expressed varying degrees of adjustment to living with PKU, with responses ranging from
‘[it is] hell’ and ‘it’s a mess’ to ‘positive’. The two major sources of stress related to food
planning/preparation and ramifications of the diet for social life. Difficulties in finding
low-protein foods, in finding time to prepare different meals for different members of the
family and in record keeping were mentioned frequently. Problems encountered in social life
included the child’s interaction with peers and the planning of family events such as eating out
or holidays. While acknowledging the time-consuming nature of PKU management, some
caretakers seemed to accept that such management was a necessary and even worthwhile
part of their lives that they had integrated into their daily routine. One parent simply stated
that they ‘haven’t let (PKU) affect our quality of life’. Another parent was ‘[now] eating
healthier, more organized in planning meals and more empathic with anyone who has a
disability or a medical problem’. Maturation of the patient can have both positive and
negative effects on the management of PKU. According to one parent, ‘early in life I felt
[management] was more difficult—but since [my child] has taken control of the diet herself
I see her making wise choices and eating “normally” as a vegetarian’.
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The utility of a new home monitoring technology

It has been suggested that providing rapid feedback with home monitoring of Phe levels
would help to maintain metabolic control and increase compliance with the PKU diet
(NIH 2001; Peterson et al 1988; Seashore et al 1999; Wappner et al 1999; Wendel and
Langenbeck 1996). Although the majority of parents did not consider the current protocol for
testing burdensome, there was a nearly uniform perception that a home monitor could make
management of the condition easier and more effective. When asked about the relationship
between dietary compliance and testing, the majority of caretakers and older children who
responded agreed that ‘the PKU diet would be followed more carefully if blood Phe levels
could be tested regularly at home’ (Table 4). In their open-ended comments, the underlying
rationale behind these responses was made clear. Parents regarded the prospect of home
testing as a tool for more efficient management. They maintained that the primary utility of
the monitor resided in the immediacy of feedback, so that Phe levels could be maintained
consistently through quick dietary adjustment. Parents also indicated a willingness to pay an
average per test of $7.06 (range = $0.75–15.00, SD = $4.37, median $5.00). One diabetic
parent stated that he or she would be willing to pay ‘as much as a diabetic’.

DISCUSSION

Controlling ingestion of Phe is currently the only effective means to successfully manage
PKU. The results of a survey of Utah PKU families reported here provide some insights
into the multitude of challenges PKU families face in following the recommended low-Phe
diet, particularly as patients reach adolescence.

While all Utah PKU families recognized that there were long-term negative consequences
of not complying with the diet, it is not clear how detailed their understanding of these
consequences was. Although no single factor emerged as dominant, the primary obstacles to
successful management of PKU cited by caretakers were time constraints and stress related
to preparation of the diet foods, the keeping of records, and the restrictions imposed on social
life by PKU. The significant discordance between caretakers and older patients regarding
the value and inconvenience of Phe level testing provides insight into the difficulties of PKU
management as patients age. Given the multitude of problems, there is no a panacea to the
difficulties faced by patients and caretakers in adherence to the diet. Even so, modification
of Phe testing technology may have some potential to improve management. Caretakers
recognized the test as the principal indicator that dietary adjustment was necessary. About
two-thirds of the respondents agreed that a home-monitoring technology would be desirable.
The primary attraction of such a monitor would be the timeliness of feedback that permitted
the isolation of sources of Phe level changes and immediate remedial action.

These findings were elicited from families in Utah but are likely to be generalizable to the
general PKU population. First, the evidence for sample bias within the Utah population is
not strong. Secondly, a multivariate analysis of determinants of blood Phe levels of patients
in Utah, Nevada and Montana showed that there were no statistically significant differences
among the patients across these three states in terms of testing frequency and measured
blood Phe levels (Waitzman et al 2004). Finally, the Utah and the AAP national survey
samples exhibited certain similarities in terms of the willingness expressed to change current
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practices—to adopt a new technology and to adopt more stringent diet or more frequent
Phe testing (Wappner et al 1999), respectively—for more effective management of PKU.
A larger sample would certainly provide more definitive results, particularly in the case of
older patients as the paucity of young adolescents in the sample and their low response rate
made findings concerning their views especially tentative.

In many chronic conditions like diabetes, it is increasingly accepted that better self-
management requires collaboration between patient and clinician, where the responsibility
of daily management of the condition resides with the patient and his or her family while
the clinician supplies the necessary expertise and support (Glasgow and Anderson 1999).
The expressed willingness and desire of patients and caretakers in Utah to adopt a home
monitor to test Phe levels and to take a more active role in the management of PKU fits
within this emerging paradigm of a less-hierarchical relationship between the patient and
the clinic and a more active role for patients in managing their chronic conditions.
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ABSTRACT 

The focus of this work is the design, fabrication, and 
characterization of a new class of biomedical micro systems, the 
active microneedle.  Active microneedle systems represent an 
advancement over current microneedle technologies through the 
integration of additional functionality (e.g. biochemical sensing, 
mechanical, etc.).  The active microneedles described in this paper 
include the following additional functionality: integration of 
multiple inlet/output ports, multiple lumens (flow channels), and 
bioluminescence based biosensors for monitoring metabolic levels 
(e.g. creatine and glucose). 

INTRODUCTION 
Both hollow and solid microneedles and microneedle 

arrays have been demonstrated by a number of research groups 
over the past few years.  Initially, only microneedles made of solid 
silicon had been realized [1].  Najafi and Wise developed these 
early microneedles that were used as neural microprobes.  
Recently, solid silicon microneedles fabricated by Henry et. al. 
were formed using reactive ion etching [2].  The resulting planar 

needle array consisted of 20×20 needles for increasing the skin 
permeability to drugs.  Lin, Pisano, and Muller were first to present 
hollow silicon processed microneedles [3,4].  These microneedles 
were fabricated on silicon substrate and used silicon nitride to fully 
enclose the channels.  Later, Chen and Wise [5] presented hollow 
silicon microneedles for neural recording and drug delivery.  These 
two approaches utilize a sacrificial processing technique that 
consumes the substrate on the devices are built.  In contrast, Talbot 
and Pisano [6] have incorporated a polysilicon micromolding 
process to develop hollow microneedles.  These hollow 
microneedles are fabricated by micromolding polysilicon 
(polymolding) in silicon micromolds.  

Previously, we reported micromachined needles and 
needle arrays of hollow metallic needles for minimally invasive 
drug delivery and biofluid extraction [7,8].  These microneedles 
have the capability to deliver drugs subcutaneously while 
minimizing the pain inflicted to patients.  Recent advancements in 

the design and fabrication of hollow metallic microneedles has led 
to improved fluid handling capabilities, as well as, increased 
functionality.  Recently, McAllister et al. [9] have reported hollow 
NiFe microneedle arrays. 

The paper presents the design, fabrication, and 
characterization of a hollow metallic active microneedle.  Figure 1 
is a schematic representation of the described microneedle with an 
integrated biosensor.  The active microneedle includes design 
features such as tapered needle tips; multiple output ports on the 
back and front of each needle; multiple lumens and multiple input 
ports, Figure 2, and bioluminescence based biosensors for 
monitoring metabolic levels.  

FABRICATION AND PACKAGING 
The micromachined multiple output port needles are 

fabricated using extensions of previously reported micromachining 
technologies [10,11,12]. The fabrication process is low 
temperature and is compatible with integrated circuit (IC) 
technology as a post process.  Initially, a metal system of adhesion 
layers and an electroplating seed layer are electron beam 
evaporated onto a silicon wafer.  Using standard thick photoresist 

micromolding techniques, this metal layer is patterned and 20µm 
of palladium is electroplated to form the solid layer or bottom wall 
of the microneedle [13].  The use of palladium as a structural 
material provides high mechanical strength and durability, as well 
as, biocompatibility for use in biomedical applications [14,15,16].  

Next, 20µm of commercially available thick photoresist, AZ4620, 
is deposited and patterned into sacrificial structures.  These 
sacrificial structures serve to precisely define the inner dimension 
of each microneedle.  800Å of gold is sputter deposited onto the 
sacrificial photoresist structures to act as an electroplating seed 

layer for top shell electroplating.  Next, a 20µm layer of palladium 
is electroplated to form the top and side walls (hollow layer) of the 
microneedle.  The sacrificial thick photoresist is then removed 

Hollow Layer

Solid Layer

Needle Taper

Biosensor

Figure 1.  Schematic representation of a micromachined multiple 
output port needle with an integrated biosensor. 

Hollow Layer

Double Inputs

Triple  Inputs

Solid Layer

Needle Taper

Figure 2.  Schematic representation of multi-lumen design for the 
active microneedles. 
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using a sequential rinse in acetone, isopropanol, and de-ionized 
water, producing the hollow metallic microneedles.  In the final 
step, the microneedles are released from the silicon substrate by 
first removing the chromium layer to expose the copper seed layer.  
Then the copper seed layer is etched away from underneath the 
needles by placing the wafer in a solution of ammonium hydroxide 
saturated with cupric sulfate.  The solid silicon substrate is not 
consumed in this process and may be re-used.  Using the given 
process offers the flexibility to integrate many additional functions 
directly onto the microneedle.  Additionally, the basic process 
allows for great latitude in the routing and branching of the fluid  

BIOLUMINESCENCE 
Bioluminescence-based analysis is 100 to 1000 times 

more sensitive than conventional chromogenic (absorbance) 
measurements and is accurate over a five or more, orders of 
magnitude concentration range [17].  Firefly bioluminescence 
occurs by enzyme-catalyzed oxidation of luciferin utilizing 
adenosine triphosphate (ATP) [18].  Bacteria bioluminescence is 
closely coupled to nicotinamide adenine dinucleotide hydride 
(NADH).  Since most of biochemistry depends on ATP and/or 
NADH, nearly all metabolic reactions can be monitored by 
bioluminescence via one or more enzyme catalyzed and linked 
reactions [17,18].  During the production or consumption of a 
metabolite of interest, enzyme linked reactions will cause the 
production or consumption of ATP (or NADH).  Detectable light is 
then produced via the following reaction (for ATP): 

ATP + O2 + D-Luciferin + Mg++ ��� →�Luciferase
 

Oxyluciferin + AMP + CO2 + Ppi + Light (560 nm) 

The change in light intensity will be stoichiometrically 
proportional to the time changing concentration of ATP (and thus 
proportional to the metabolite of interest).  A photodiode or 
charge-coupled device (CCD) can be used for detection.  
Depending on the instrument used to detect the luminescence, 
nanomolar, picomolar, and even femtomolar analyses are possible 
[17].  With increased sensitivity, smaller amounts of sample fluid 

are needed for accurate analysis.  0.05-µL sample size that can be 
drawn by micromachined needles can painlessly access small 
amounts of body fluid that can be analyzed via bioluminescence. 

The transmittance of light through a media across length 

l is defined by Beer’s law, T = 10-Absorbance, where Absorbance = 

ªλCB(l-x) and ªλ is the molar absorption coefficient in dm3/molΕcm 
and CB is the concentration in mole/dm3 [19]. If the light is 
generated within a homogeneous media, the transmitting light is 
integrated along the length it travels and is then defined as: 
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where ªλCB is assumed to be 1 for simplicity. For a pyramid (which 
is the shape of the etched wells in the <100> Si wafers) with a 

peak of length l, the transmittance is integrated through the 

viewing area and is equal to TTotal(l)Εa2/3.  The assumption is that 
only the light being transmitted toward the viewing window is 
integrated and light traveling away from the viewing window is 
absorbed by the substrate. (Light at 560 nm is actually absorbed by 
crystallized Si).  Thus, linear correlation of a volume verses 
integrated luminosity plot, for a given viewing window, should 
indicate that transmittance is proportional to signal intensity 
(averaged CCD counts over the viewing area). A flat bottom well 

with a reflective surface will have the transmittance of TTotal(2l), and 

will be about 2 time larger than TTotal(l) for l<<1-cm (0.005 – 
0.025-cm in this experiment).  Thus, the slope of a linear fit of 
volume verses integrated luminosity plot, for a reflective surface of 
a given viewing window, should be about 2 times that of the slope 
for a non-reflective surface due to the increased transmittance. 

RESULTS 
Fabrication 

The needle arrays fabricated to date include those 
electroformed from low-stress nickel sulphamate, gold cyanide, 
and palladium electroplating solutions [20,21]. Individual hollow 
metallic micromachined needles with multiple output ports 

fabricated to date have an inner cross-sectional area of 140×21 

µm2 (W×H) with outer dimensions of 200×60 µm2.  A 
micromachined needle fabricated on silicon and released from its 
substrate is shown in Figure 3. The needle shaft dimensions are 

200 µm wide and 60 µm thick while the tip dimensions are less 

than 15 x 15 µm2.  The length of the tapered portion of the needle 
shaft is 1.0 mm and the distance from the tip to the first output port 

is approximately 300µm. The total length of the microneedle is 6.0 

mm with input port inner dimensions of 140 µm wide and 21 µm 

high.  The wall thickness of the needle is approximately 20 µm and 
the microneedle output ports are on the top and bottom with 

dimensions of 30 µm2.  The output ports are separated by 30µm 
and there are nine ports on top and 12 ports on the bottom.  
Bioluminescent detection of the biosensor output is performed at 
the output ports of the microneedle.  Biosensing reagents are 
drawn into and dried down onto the inner walls of the hollow 
microneedle.   

Figure 3. SEM of a multi-lumen, multiple output port micro 
needle. Shaft dimensions are 200 µm wide and 60 µm thick.  Tip 
dimensions are less than 15 µm X 15 µm. Output ports are 30 µm2.

Figure 4.  Photograph of packaged microneedle connected to 
standard 5cc syringe as compared to a penny.  Insert: Close-up of 
packaged microneedle. 



The completed micromachined needle structures were 
packaged into a standard luer-lock fitting using a polymeric 
medical-grade UV-curable adhesive (3321, Loctite Corp.).  This 
interface between the microneedle and syringe consists of a simple 
female luer-to-1/16” barb adapter manufactured by Western 
Analytical (part# p-857x).  Figure 4 is a photograph of a packaged 
microneedle connected to a standard 5cc syringe as compared to a 
penny.  The insert of Figure 4 shows a close-up of the packaged 
microneedle that has been secured with UV epoxy on the barbed 
end of the interface.  The UV curable epoxy was found to 
permanently affix the microneedle to the interface while providing 
a leak resistant seal. Fluid flow experiments were performed on 
five packaged microneedles at pressures ranging from 1psi to 70psi 
[9]. 
Bioluminescence Studies 

In order to determine the feasibility and the physical 
limitations of using bioluminescence as a means for highly 

sensitive analyte measurement of small sample volumes, µ-

reaction chambers (µRCs) were fabricated on silicon wafers using 
KOH anisotropic wet etching.  An ATP firefly luciferase/luciferin 

solution was placed in the µRCs and observed through a close up 
lens with a CCD.  The integrated CCD signal was recorded and 
compared with well size and depth.  The attenuation of the CCD 
signal was also observed for wafers coated with titanium (500Ả) 
followed by chromium (1500 Ả). 

A 5-mL firefly luciferase/luciferin solution consisted of 
1.25-mg/mL bovine serum albumin (Sigma - reconstituted into the 
solution.  Used for coating the glass vial to prevent denaturing of 
the luciferase), 1.25-mM ethylene diaminetetra acetic acid 

(Sigma), 12.5-mM Mg++ (Sigma – from MgSO4), 1.84-µM firefly 
luciferase (Promega), and 1.25-mM luciferin (Biosynth) in a 
1.25mM glycyl-glycine buffer.  This mixture was able to maintain 
90% activity for about 20-hrs when stored in the dark.  A 5-mM 

ATP, glycyl-glycine buffer solution was also prepared. 20-µL of 

the firefly luciferase/luciferin solution was pipetted into 5-µL of 
the ATP solution that resulted in a 1.0-mM ATP mixture, saturated 

Figure 5.  20-sec integration of bioluminescence for the wafer that 
was etched 242.1-µm and coated with Ti/Cr. The µRCs seen here 
are the 750, 500, 400, 300, 250, and 200-µm wide squares. 

µRC Width 
(µm)

P value from T-test between 
Intensity/Volume Slopes of 
Non-Reflective µRCs and 
Reflective µRCs

Ratio of Intensity/Volume 
Slopes for Reflective and 
Non-Reflective Substrates

750 0.00001 3.02
500 0.002 2.37
400 0.004 4.94
300 0.005 5.11
250 0.36 2.87
200 0.030 1.07
150 0.72 0.88
100 0.55 0.21

Table 1.  Statistical comparison of the intensity/volume slope 
relationships for reflective vs. non-reflective surfaces of the same 
viewing window size. 
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with luciferase and luciferin (which means the reaction rate was at 

it’s peak).  After the solution mixed, 20-µL of it was pipetted on an 

area about 20×15-mm wide.  A thin glass cover slip was placed on 
the solution, starting at one end and tilting the cover slip as it was 
laid down, so that the excess bioluminescent fluid would disperse.  

For high concentrations of ATP (> 8-µM), the initial mixing of 
ATP with the luciferase/luciferin solution causes a peak 
luminescence within 3 seconds.  The luminescence then tapers and 
levels off after 1 minute.  Therefore, the light measurements for 
this experiment was integrated for 20 seconds, 2 minutes after the 
ATP and luciferase/luciferin solution were mixed, with the light 
intensity essentially constant.  An ST6-A CCD camera, by Santa 
Barbara Instruments Group was fitted with an Olympus wide-angle 
lens and close-up ring.  The experimental substrates were focused 
55-mm below the lens with the aperture set at 2.8.  The field of 

view was about 20×15-mm. The camera was operated at –20.00°C.  
1.0-minute after the luciferase/luciferin solution was added to the 
ATP, a 20-sec dark field exposure was taken with the CCD. 2-min 
5-sec after the ATP and luciferase/luciferin solution mixed, the 
CCD integrated a 20-sec exposure of the bioluminescent reaction 
while shrouded in a darkroom.  The resulting image was saved as a 
TIF file (Range: 0 – 400).  Scion Image (based on the NIH image 
software) was used to determine the average and standard 

deviation of the pixel values for each µRC. 
Figure 5 shows an image of the 20-second integration of 

bioluminescence recorded by the CCD camera. One pixel of the 

CCD image was equal to 46.875-µm.  Actual results failed to show 

light emitting from the 75, 50, 25, and 10-µm wide wells on all 
substrates.  Figure 6 shows the average CCD counts from the 20-
sec integrated CCD reading for different sample volumes.  Table 1 
statistically compares the intensity/volume slope relationships for 
reflective vs. non-reflective surfaces of the same viewing window 
size.  The reflective wells with intensity/volume slopes that were 
statistically different from the intensity/volume slopes for the non-
reflective surfaces (P<0.05 using the T-test) were over two times 
greater.  This follows the hypothesis that transmittance is nearly 
doubled for chromium (reflectivity=0.67 @ 560 nm) coated versus 

uncoated silicon (reflectivity=0.33 @ 560 nm) µRCs. 

The intensity/volume slope also increases as the µRC 
square width decreases.  This is ideal for using long, narrow 

microneedles as the µRC.  Table 2 statistically compares the 
intensity/volume slopes between reflective wells of different 
viewing widow sizes.  It shows that there is a significance increase 

in the intensity/volumes slopes, as the µRC width decreases.  The 
increase in intensity/volume is only significant down to wells that 

are 400-µm wide. For smaller µRC widths (150 – 300-µm), the 
non-reflective substrates show little correlation between average 
CCD counts and sample volumes (R2 < 0.25).  The Ti/Cr reflective 

substrates still show some correlation (R2>0.25 for µRCs 250-µm 
wide and wider) between intensity and volume.  However, as the 

µRC square width decreases (250-µm wide and smaller), there is 
little difference in signal intensity values for different etch depths.  

The error in the signals for wells 200-µm wide and smaller is large 
enough to overlap with the background intensity.  This suggests 

that the wells with windows smaller than 200-µm wide would not 

produce signals of a discernable intensity, if they are only 250-µm 

deep.  However, this does not mean that narrower, deeper µRCs 
like microneedles could not produce a good signal because their 
longer depths are able to hold a larger sample volume, which 
would produce a stronger signal according to Beer’s Law. 

CONCLUSION 
Both silicon and metal electroformed micro needle 

technologies have been previously developed.  This paper provides 
a basis for the next technological step in micro needle technologies 
through the development of active micro needles.  Active micro 
needles include the integration of additional functionality into the 
basic micro needle structure.  Additional functionality such as 
multiple lumens, multiple input and output ports, and the 
integration of biosensing capabilities has been shown. 
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